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ABSTRACT: The time-of-flight (TOF) transients of solution-cast, free-standing films of
N,N′-diphenyl-N,N-bis(3-methylphenyl)-[1,1′-biphenyl]-4,4′diamine (TPD) in bisphenol A
polycarbonate (PC) have been studied using electron gun induced charge generation. This
molecularly doped polymer (MDP) has been shown to exhibit perfectly flat plateaus on its
time-of-flight curves with optical excitation. Our TOF results with continuously changing
electron energies, as well as numerical calculations using a multiple trapping model with a
Gaussian trap distribution (MTMg), suggest that charge carrier transport in this molecularly
doped polymer is nonequilibrium and the flat plateaus can be explained by the presence of a
thin surface layer depleted of transport material. The depleted surface layers on samples of
this molecularly doped polymer are extremely thin (less than 0.12 μm), with those relating
to the release side (contacting a substrate during coating/drying procedure) being much smaller than for the free side exposed to
air. Since TPD-doped PC and a tetraphenylbenzidine polymer containing the TPD moiety in its main chain served as the
prototype materials for the concept of “trap-free” carrier transport, we have also discussed this in detail.

I. INTRODUCTION

Molecularly doped polymers (MDPs) find wide application in
organic photoconductor technology mainly as charge trans-
porting layers.1,2 A typical MDP is a highly insulating glassy
solid solution of charge transport active molecules in an inert
polymer binder. Such molecules are “active” in a sense that they
have either an extremely low ionization potential (≤7 eV) or
remarkably high electron affinity (≥1.5 eV) as measured in
vacuum. In the first case, an MDP is a hole conductor, and in
the second it is an electron conductor. In technical terms, all
problems connected with their operation in electrophoto-
graphic imaging devices (printers, copiers, etc.) seem to have
now been successfully resolved.2 MDPs are excellent candidates
for studying carrier hopping transport in organic disordered
materials, as the concentration of hopping centers (doping
molecules), their electronic properties and chemical structure,
dipole moments, and the polarity of the medium as a whole
may be easily changed.3,4 Nevertheless, “questions remain and a
complete description of charge transport in MDPs remains
elusive”,2 and according to Schein “our understanding of the
charge transport mechanism is at a very rudimentary phase”.4 In
addition, it should be remembered that in ordinary MDPs,
unlike π-conjugated polymers intended for solar cells,5 the
polymer matrices (polycarbonate, polystyrene, etc.) lack
conjugation along their main chains which greatly simplifies
theoretical analysis.
Among the most hotly debated topics is the relationship

between the often observed nondispersive time-of-flight (TOF)
curves, featuring flat or slightly sloping plateaus, but at the same

time exhibiting slow post-transit-time current decays.1 In some
cases, the plateau may be even horizontal, in which case such
decays should be exponential rather than algebraic in time, as
hopping models with a random site energy distribution
require.3 Generally it is presumed that once the TOF current
reaches a plateau, the carrier transport equilibrates and the
carrier mobility acquires a steady state (quasi-equilibrium)
value. As soon as this happens, the carrier transport is
considered to be nondispersive (field-dependent Gaussian6)
to be described by the convection-diffusion equation.7

The concept of “trap-free” carrier transport has been
proposed by Abkowitz to describe hole transport in
MDPs,2,8,9 as well as emission and space charge limited
injection currents through transport layers, these phenomena
being intricately interconnected and seemingly verifying each
other.8−10

We have used an electron gun to generate charge in MDPs
and studied the resulting TOF characteristics. With this
technique we have probed the effects of varying the width of
the charge generation region within the MDP. With low energy
electrons the site of charge generation is near the film surface
mimicking the standard optical TOF methodology, and we call
this technique TOF (surface charge generation). With high
energy electrons charge generation occurs throughout the bulk
of the film, which is not possible with optical charge generation,
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and we call this technique TOF-2 (bulk charge generation).
Finally, by varying the beam energy we have probed the effects
of varying the width of the charge generation region, and we
call this technique TOF-1a (variable charge generation width).
These techniques have provided a wealth of information about
charge transport in solution-cast MDP films.11,12 A key finding
is that carrier transport in the MDPs we have studied is
nonequilibrium despite the observation of flat plateaus in their
TOF current transients. Experimentally there is a universally
observed current shape variation, when plotted on linear
current versus time (j − t) coordinates, with increasing carrier
generation width (from a cusp, to a flat plateau, to a sloping
plateau, to a featureless hyperbola-type curve). To account for
these features we have introduced a two-layer multiple trapping
model, with a Gaussian trap energy distribution (MTMg),13

with a surface layer having reduced charge mobility. For a total
disorder energy exceeding 0.11 eV, the predicted carrier
transport becomes mildly dispersive, quite sufficient to produce
algebraic post flight current decays, but at the same time also
generating a flat plateau when the carrier generation region has
a specific width. We have speculated that one possible reason
for the formation of surface layers with lower carrier mobility
compared to the bulk is the depletion of dopant molecules at
the surface, by sublimation or some other processes, during the
coating/drying of the solution-cast MDP films.12

To date, we have reported on hole transport in p-
diethylaminobenzaldehyde diphenylhydrazone (DEH) doped
bisphenol A polycarbonate (PC) (30% weight fraction of the
dopant)11−13 with some investigations of tri-p-tolylamine
(TTA) doped PC.14 In the last work, cusps were observed
on irradiation of both the free and release sides, showing that
formation of a layer depleted of dopant depends not only on
the irradiated side (whether in contact with the substrate or air
during solution casting) but also on the molecular structure of
the dopant.
The aim of the present study is to subject solvent cast TPD

doped PC to a rigorous TOF-1a examination, clarifying to what
extent the hole transport fits the concept of the trap-free
transport and to characterize it in terms of the two-layer
MTMg.

II. EXPERIMENTAL PROCEDURE

The molecularly doped polymer used in these experiments was
30 wt % N,N′-diphenyl-N,N-bis(3-methylphenyl)-[1,1′-biphen-
yl]-4,4′diamine (TPD) in bisphenol A polycarbonate (PC; 30%
TPD:PC). The materials were dissolved in dichlorome-
thane:1,1,2-trichloroethane (1:1 by weight) and blade-coated
onto “release paper”. This paper is coated with a thin layer of
polyethylene. As a result, an MDP film can be easily peeled
away or “released” from the substrate following drying. In the
following discussion, we call the film surface that was next to
the substrate the “release” surface while the opposite side is the
“free” surface.11,12

MDP films were dried by oven-curing (80 °C) for 30 min
and then, prior to their use, peeled off the substrate and cut to
size (40 mm in diameter). Aluminum electrodes (about 20−30
nm thick, 32 mm in diameter) were deposited in vacuum on
both sides of the samples. Special care has been taken to ensure
that exactly the same Al depositing procedure has been used for
both sides of the sample. The film thickness, L, was determined
by measuring the capacitance of the film assuming a dielectric
constant of 3.0 and was about 27 μm (6 samples of this MDP

have been tested). Experimental data for these samples are
quite similar.
To conduct time-of-flight experiments, we used an electron

gun facility ELA-50 capable of supplying monoenergetic
electrons for which the energy, E, could be varied from 1.3
to 50 keV. The kinetic energy of these electrons lost in passing
through the sample results in the generation of electron−hole
pairs that subsequently dissociate in the applied electric field.
The current in TPD:PC is primarily due to the migration of
holes, which hop from one TPD molecule to the next until they
reach the cathode. Radiation produced electrons, as well as the
stopped beam electrons, remain immobile.
As indicated earlier in our previous studies,11,12 depending on

the electron energy used, there are three distinct experimental
conditions: (1) Electrons with an energy in the range from 1 to
7 keV produce charge carriers in a region extending from about
0.06 to 1.5 μm (TOF). This charge carrier distribution is what
occurs in the case of strongly absorbed pulsed laser excitation
(about 0.2 μm) as has been utilized in most TOF measure-
ments of MDPs over the past 40 years.1 (2) The maximum
electron energy (50 keV) gives rise to the bulk generation of
charge carriers (TOF-2). This is not feasible with an optical
excitation and has been totally ignored by researchers. Unlike
TOF, the TOF-2 method allows one to minimize any
interference of the surface region with the TOF current shapes
and thus obtain information relating to the intrinsic carrier
transport properties of MDPs. (3) The third variant (TOF-1a)
deals with the current shape variation as the electron energy is
progressively increased from the lowest to the highest energy,
with specific emphasis on the role played by the surface layer in
generating flat plateaus. This technique has only recently been
introduced and is of special importance to the present work.
All experiments were performed at room temperature (about

295 K) in a vacuum of 3 × 10−2 Pa mostly at an applied field F0
= 20 V/μm. Data collection was performed digitally, with
collection rates of 4 × 105 s−1 for up to 10 s. The electron beam
pulse (20 μ s) was almost rectangular.

III. EXPERIMENTAL RESULTS
The most intriguing results were observed with the TOF-1a
experiment. In earlier studies we have shown that current
transients from a film of 30% DEH/PC exhibit cusps with
TOF-1a at low electron energies.11,12 Here by a cusp we mean
the situation when the current rises appreciably before starting
to decay, making transit time determination almost impossible
in linear coordinates. With 30% TPD/PC there are two types of
current rise at early times, one hinting at cusp formation (solid
curves 1 and 2 in Figure 1 with free side irradiation) and the
second taking the form of a customary current spike (release
side irradiation current transients) followed by a sloping
plateau. We note that both cases by no means hinder finding
the respective transit times. So, although there are differences in
the TOF-1a shapes for free and release side irradiations, these
are small and totally disappear for electron energy exceeding 5.5
keV (curves 3 and 4 in Figure 1). At 5.5 keV the maximum
electron range is around 1 μm. The hyperbola-like curve 4 on
Figure 1 was obtained with electron beam energy of 50 keV,
producing bulk excitation. Only the free-side curve is shown,
but the release-side curve was essentially identical. We did not
observe a totally flat plateau on the TOF-1a curves for this
MDP film. Multiplication factors of 5 (curves 1) and 2 (curves
2) were used to place all the current transients on the same
plot.
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We choose curve 1 (release side irradiation, electron energy
1.8 keV, electron range 0.16 μm) for further characterization
(Figure 2). In characterizing the transient shape, we use the

traditional linear−linear j − t plots to extract times-of-flight t0
and t1/2 as well as the form parameter, W = (t1/2 − t0)/t1/2.
Here t0 is the transit time defined by the intersection of the
plateau (horizontal or slightly sloping) and the tangent to the
decaying current tail, while t1/2 is the time when the tail current
decreases to one-half of its value at t0. We determine the times-
of-flight as 20.0 ms (t0) and 34.4 ms (t1/2) with W = 0.41.
Respective mobilities are as follows: 7 × 10−7 cm2/V s as
defined by t0 and 4 × 10−7 cm2/V s by t1/2.
Figure 3 shows transients 1 and 4 from Figure 1 (1:1.8 keV

release side irradiation, and 2:50 keV free side irradiation)
respectively in logarithmic coordinates. This data has been used
to find the MTMg parameters best describing the experimental
curves (see below). Two characteristics are of prime
importance. The first one is the time-of-flight ttr for a TOF
curve as defined by the intersection of the preflight (β1) and
postflight (β2) asymptotes (22.0 ms for curve 1 and 12.2 ms for

curve 2). The second characteristic is the slope of these
asymptotes β1 and β2 (j ∝ t−β). Of these, only β2 is a useful
characteristic common to both TOF-1a and TOF-2 irradiations
(2.1 in this case). β1 is less reproducible with TOF-2 irradiation
and varies widely in TOF-1a depending on the electron
energy.11,12

The mobility field dependence is rather mild (in going from
10 to 20 V/μ m it increases only by a factor of 1.25) in full
agreement with published results.6,19

IV. DATA INTERPRETATION
To characterize the intrinsic (bulk) transport of holes in our
MDP, we choose an approach which proved quite successful in
our earlier work.12−14 It is the multiple trapping model with a
Gaussian trap energy distribution (MTMg). This model is
effectively a quasi-band analogue of the Gaussian disorder
model (GDM).15,16 Starting parameters for our data analysis
using MTMg were taken from the literature as provided by the
dipolar disorder formalism of Borsenberger and Bas̈sler.1,3,17

These were further corrected to fit our experimental data. The
main parameters are the total disorder energy, σ, the hole
mobility, μ0, extrapolated to zero electric field (via the
Poole−Frenkel (PF) functional dependence) for temperature
T → ∞, and the mean distance, ρ, between dopant molecules.
The simple relationship between μ0 and ρ (notations are

standard)

μ ρ ν= e
kT hh0

2
(1)

allows one to define a frequency νhh which may be related to
the zero-field frequency factor ν00 of the model, ν00 = 6 νhh. The
MTMg parameters σ and μ0 retain their previous meaning. The
last parameter of the model, the lifetime of the quasi-free
carriers, τ0, is found from the relationship ν00τ0 = 3.0.13

It is known that the GDM (and even more so the MTMg) is
incapable of providing a consistent explanation for the origin of
the mobility PF effect.1 According to it, the mobility μ depends
on the applied electric field F0 (T = const) as

μ μ β∝ Fexp( )1 PF 0
1/2

(2)

Here μ1 is the mobility at F0 → 0 and βPF is a parameter, which
is about 0.17 (μm/V) 1/2 so that the mobility increases

Figure 1. TOF-1a curves in 30% TPD:PC. Release side (dash dot) and
free side (solid) irradiations. Electron energies: 1.8 (1), 3 (2), 5.5 (3),
and 50 keV (4). Multiplication factors of 5 (curves 1) and 2 (curves 2)
were used to scale the data.

Figure 2. Curve 1 (Figure 1 release side irradiation, 1.8 keV) was used
for model parameter determination.

Figure 3. Current transients 1 and 4 from Figure 1 presented here as
curves 1 (1.8 keV release side irradiation) and 2 (50 keV free side
irradiation), respectively.
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approximately 2-fold as the electric field rises from 0 to 20 V/
μm. The extrapolated value of μ1 is 3.3 × 10−7 cm2/V s as
defined by the t0 field dependence.
The dipolar disorder formalism introduces this dependence

in a prescribed manner and uses it to extract model parameters
as mentioned above. We assume that the PF effect may be
accounted for by introducing an analogous field dependence for
the frequency factor, ν0. As a result, we have

ν ν= k0 PF 00 (3)

The factor kPF is thought to be close to the ratio of the carrier
mobilities found at a given field strength F0, to that at F0 → 0.
So, kPF = exp(βPFF0)

1/2 as eq 2 shows. In our case (F0 = 20 V/
μ), this factor is equal to 2.
Unfortunately, the dipolar disorder formalism has not been

applied in full to TPD-doped PC at any loading. In TPD glass σ
= 0.074 eV and μ0 = 3.5 × 10−2 cm2/V s,18 but in 60% TPD:PC
the parameter σ increases to 0.093 eV19 (from data in Figure 11
of ref 19 at a field of 4 V/μm). Using ρ0 = 0.14 nm19 (Figure 3
in ref 19 and ρ = 1.05 nm calculated for 60% TPD in PC), we
estimate that μ0 in 60% TPD:PC is 1.5 × 10−3 cm2/V s. The
same procedure for 30% TPD:PC (ρ = 1.33 nm) gives μ0 = 1.4
× 10−4 cm2/V s.
Carrier transport in a polymeric analog of TPD-doped PC, a

tetraphenylbenzidine polymer (PTPB) is another source of
important information.20 Figure 11 of ref 20 compares the field
dependence of the mobility of PTPB with 40%, 50%, 60%, and
80% TPD in PC. From this data the mobility of PTPB is
equivalent to ∼43% TPD:PC at least for fields not exceeding 20
V/μm. For this material σ = 0.113 eV and μ0 = 7 × 10−3 cm2/V
s. From this we estimate μ0 = 6 × 10−4 cm2/(V s) for 30%
TPD:PC. From Figure 12 in the same paper, we estimate that σ
in 30% TPD:PC is close to 0.125 eV (using the procedure
proposed by Bas̈sler to convert the hole mobility activation
energy into a disorder energy3). Thus, the dipolar disorder
formalism as applied to 30% TPD:PC leads to σ ≈ 0.125 eV
and μ0 in the range of 1.4 × 10−4 −6 × 10−4 cm2/(V s).
We used an iteration procedure to fit our experimental data

of curve 1 in Figure 3 (1.8 keV release side irradiation) to the
MTMg. Model parameters used for the best fit are given in
Table 1, and the computed TOF curve is shown in Figure 4.

The model parameters μ0 and σ have the expected values
based on data in the literature. We have successfully fitted the
time-of-flight ttr = 22 ms and the slope β2 = 2.1. A preflight
slope β1 = 0.28 is predicted for 30% TPD:PC, and our
interpretation is that the slope is decreased due to the presence
of a surface layer depleted of TPD. Note that in the TOF-2
experiment the preflight slope β1 is even lower (0.22) due to
the fact that a truly uniform generation of carriers could not be
realized due to the sample thickness (the optimum thickness
for uniform charge generation is around 10 μm). The
theoretical value of β1 (0.28) is uniquely defined by σ, μ0,
and the time-of-flight, ttr (22 ms) and supports our conclusion
that charge carrier transport in this MDP is nonequilibrium.
The very small β1 (0.045) experimentally observed in the TOF

curve is a direct consequence of the presence of surface layers
depleted of charge transport material (see later).

V. DISCUSSION
Our interest in TPD-doped PC is because experiments
performed on this system (50% TPD:PC) show that after an
initial current spike the Gaussian transport quickly sets in
resulting in the formation of a flat plateau in the TOF
transients.6,19 In this respect it should be mentioned that the
appearance of a flat plateau required the use of highly pure and
dry solvent (dichloromethane) and protecting the coating
solution from exposure to ultraviolet light.6 Two observations
are especially interesting. First, the reproducible appearance of
the flat plateaus on TOF transients over a broad temperature
and electric field range. The second observation is the strictly
linear dependence of t1/2 on the sample thickness from 6 to 80
μm. Significantly, it was noted that the large W (0.2 for thicker
samples and 0.34 for thinner ones) is incompatible with the
normal diffusive packet broadening and one should apply the
GDM to explain this observation.6 Nevertheless, in their
analysis they used the solution of the convection-diffusion
equation proposed by Karl et al.21 which incorporates constant
mobility and diffusivity. To support the idea of a constant
mobility (suggested by a flat plateau), they showed that with
such an approach they obtained excellent agreement between
experimental and computed space charge limited currents.6 At
fields below 105 V/cm, the mobilities were reproducible;
however, the current shapes were not. This was ascribed to the
presence of low concentrations of impurities which acted as
traps.
The TOF transients from electron beam excitation of 30%

TPD:PC did not have flat plateaus as observed in ref 6, but the
sloping plateau for the lowest electron energy used (curve 1-
release side, Figure 1) is very similar to that shown in Figure 2
of ref 6. Hole mobilities and their field dependence are in
excellent agreement with data reported in ref 6 and also in ref
19 (by extrapolating the data for 50% TDP:PC to 30% TDP
using the procedure given in section III). However, the
approaches taken in the cited research6,8,9,19 and in the present
work to explain TOF current shapes are substantially different.
What are the possible reasons for the variation of the

observed TOF current shapes? The information presented in

Table 1. MTMg Parameters for 30% TPD:PC Used to Fit the
Experimental Data of Figure 3 (F0 = 20 V/μm)

μ0, cm
2/(V s) ν0, s

−1 τ0, s σ, eV

6 × 10−4 5 × 1010 (ν00 = 2.5 × 1010) 1.3 × 10−9 0.125

Figure 4. Comparison of the experimental (1), curve 1 in Figure 3 (1.8
keV release side irradiation), and computed (2) TOF curve (see text)
using the MTMg parameters in Table 1
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several papers is revealing in this respect.18,22,23 The first two
papers deal with TPD glass analyzed with the dipolar disorder
formalism to obtain σ (0.074−0.077 eV) and μ0 (0.032−0.035
cm2/V s). With these parameters the Gaussian disorder model
predicts nondispersive transport at room temperature or higher,
as our numerical calculations show (Figure 1 in ref 13) and is
observed with experimental data (Figure 7 in ref 22). However,
the situation is complex, and the data in ref 22 show that the
transient for TPD can also exhibit a cusp depending on sample
configuration. With Se as the charge generation material and
vapor deposited TPD as the hole transport material, samples
with the configuration glass/Ni/TPD/Se/Au (440 nm laser
pulse excitation through the glass/Ni side) always gave cusps
even with different charge generation materials. With the
configuration glass/Ni/Se/TPD/Au, the TOF current always
exhibited a flat plateau. The authors presented a lengthy
discussion for the possible origin of such an anomaly and
concluded that cusp formation depending on sample
configuration is “probably related to interfacial trapping due
to a surface effect; i.e., the interface between the two layers is
different, depending on whether the α-Se or TPD was
deposited first”. If in the cusp-producing sample configuration
the TPD is in a polystyrene binder (20 wt % TPD/PS), cusps
are not observed but the TOF current has a sloping shoulder
and not a flat plateau.23 TPD in a PS matrix (20 wt %) has a σ
of approximately 0.1 eV23 which is lower than in 30%TPD:PC
(0.125 eV), and therefore the transient should be more
nondispersive; yet, the opposite is observed.
We have found that surface and interface “damage” is one

possible cause for the observation of cusps when nondispersive
transport is expected. With solution-coated materials it is
possible that dopant molecules at the film surface sublime out
of the film or are redistributed within the film during the
coating/drying procedure creating depleted surface layers. Our
experimental results with 30% TPD/PC allow rough estimates
of the depleted layer thickness. As Figure 1 shows, with
excitation from either the free- or release-sides we do not
observe flat plateaus, and we also do not observe well-defined
cusps. This is different from our studies of 30% DEH/PC
where we observed both cusps and flat plateaus.11,12

The free- and release-side depleted layers in our films of 30%
TPD/PC must be very thin. The necessary condition for cusp
formation requires that the charge generation zone should
constitute a part of the depleted layer, since in this case holes
with a lower mobility will eventually leave this layer and enter
the bulk which has a larger mobility, thus producing a rising
current shoulder (a cusp). At the lowest electron energy used
(1.8 keV), the width of the generation zone l given by the
extrapolated electron range will be 0.12 μm.11,12 A small cusp is
seen in curve 1, Figure 1, with irradiation of the free-side, so a
conservative estimate is that the depleted surface layer has a
width d ≈ l = 0.12 μm. With release-side irradiation we see no
trace of cusp formation at this low electron energy. So we
estimate that for the release-side d ≤ l = 0.12 μm. As a result,
the usually observed sequence of TOF-1a current-shape change
with increasing electron energy, cusp → flat plateau → sloping
plateau → hyperbola-type featureless curve, starts from “the
sloping plateau” stage.
Relevant to this discussion is the concept of “trap-free”

transport proposed by Abkowitz.9 This concept relates to MDP
layers used to transport holes in electrophotographic photo-
receptors.2 If these charge transport layers contained traps, a
residual potential would result after repeated charge-expose

electrophotographic cycling and produce an objectionable print
defect. Thus, these charge transport layers are “trap-free” with
respect to the absence of redox active species. It has been well
established that doping (intentionally or unintentionally, i.e.
impurities) a hole conducting MDP with molecules having a
lower ionization potential (IP) than that of the transport
material (redox traps or simply traps) results in a large drop in
the hole mobility.24−26 In the absence of redox traps Abkowitz
states (ref 8, p 32) that “the experimentally observed scaling
with intersite separation, the temperature dependence and the
high degree of disorder in these systems clearly indicate that
electronic transport must involve the field biased hopping of
carriers in an energetically inequivalent manifold of states sited
on the transport active molecules”.8,9 Such transport is
adequately described by the GDM, and the shape of the
TOF current depends on the reduced GDM disorder energy
parameter σ̑.3 This model envisages that sites whose energy is
lower than the so-called transport level start to act as traps.15,16

The effect of these disorder induced traps on the shape of the
TOF current transients are well predicted by the GDM through
Monte Carlo simulations,3,27 or by its multiple trapping
analogue (MTMg) by means of numerical calculations.12−14

These show that, while flat plateau formation for σ = 0.113 eV
at 290 K (σ̑ = σ/kT = 4.520) is problematic, its appearance at
213 K (σ̑ = σ/kT = 6.1)8 is impossible.13,28 We suggest that it is
possible in these cases that surface “depletion” layers are
responsible for the plateau formation. Thus, MDPs which are
“trap-free”, with transporting states described by GDM such
that the shape of the TOF current depends on the reduced
disorder energy parameter σ̑,3,29 are not necessarily exhibiting
equilibrated transport when a flat plateau is observed on their
TOF transients.
In many publications Abkowitz reported that the hole

mobility determined from TOF studies is identical to the
mobility from space-charge-limited electrode injection.8,10

MDPs are highly insulating and disorder induced traps are
mostly shallow and typical transit times are much shorter than
the deep trapping times. Thus, the transit time for injected
charge will be much shorter than the bulk relaxation time and
steady state charge injection from an Ohmic contact will be trap
free space charge limited as defined by Child’s law. However, as
the width of the density of states increases, at some point the
lowest energy states will become traps, and this reasoning will
no longer apply. To our knowledge this has not been the
subject of experimental testing or calculation. Finally, it should
be noted that Abkowitz noted that charge injection character-
istics will be sensitive to the preparation details of the surface
on which an Ohmic contact will be deposited, and furthermore
for some materials, the interface between the MDP and the
contact was observed to change with time.10

VI. SUMMARY
We have used electron beam excitation to reexamine the
concept of nondispersive transport which has been used to
explain the existence of the flat plateaus consistently observed
on the TOF transients in films of TPD doped PC.6,19

According to the conclusions reached in refs 10−13, MDPs
with a total disorder energy σ exceeding 0.1 eV should feature
nonequilibrium transport under ordinary time-of-flight con-
ditions. Analysis of the indirect data concerning this parameter
in 30% TPD doped PC shows that σ is about 0.125 eV which
means that this MDP should exhibit nonequilibrium transport
resulting in dispersive TOF current transients making it difficult
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to determine the transit time in linear j−t coordinates. In our
experiments with 30% TDP:PC the TOF current plateau is
slightly sloping and presents no difficulty for transit time
determination. Data analysis using log j−log t representation
provides additional information. Theoretical computations
show that a combination of three experimental current
parameters (slopes β1 and β2, and the transit time ttr) and
the two main quantities provided by the dipolar disorder
formalism (σ and the zero-field mobility extrapolated to infinite
temperature μ0) are sufficient to specify MTMg parameters
which uniquely characterize carrier transport. Experiments
show that, of the above cited parameters (β1, β2, and ttr), only
β2 and ttr are stable characteristics, independent of the electron
energy, while β1 varies over a broad range (0.1 to 0 or
undefined due to cusp formation).11,12 The reason for the
erratic behavior of β1 in solution-cast MDP films is speculated
to be due to decreased transport material concentration near
the air-exposed film surface. Such a depleted region will
strongly distort the TOF current shape when charge generation
occurs within the depleted region (usually less than 2 μm). For
the 30% TPD/PC film, we find that the surface depletion layer
is <0.12 μm, and cusp formation was not observed. The TOF
of the release-side of the film showed no evidence of a depleted
layer.
In summary, in studies of charge mobility in MDPs there are

many factors influencing the shape of the time-of-flight
transient. In the literature one finds references to solvent
purity, solvent dryness, film coating and drying conditions, and
the presence or absence of a separate charge generation layer
(energetic mismatch and/or interfacial defects) among other
causes. Our studies have demonstrated that another factor
which must be considered is the formation of a thin layer at the
MDP surface which is depleted of charge transport molecules.
We suggest that charge transport in 30% TPD/PC is
nonequilibrium and that the presence of a thin surface layer
depleted of transport material can cause the time-of-flight
transient to exhibit a flat plateau. Thus, the concept of “trap-
free” nondispersive charge transport in this and other MDPs,2,9

suggested by the presence of a flat plateau in the TOF, should
be used cautiously.
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■ ABBREVIATIONS
DEH: p-diethylaminobenzaldehyde diphenylhydrazone
MDP: molecularly doped polymer
MTMg: multiple trapping model with a Gaussian trap energy
distribution
NIPC: N-isopropylcarbazole
PC: bisphenol A polycarbonate
PF: Poole−Frenkel

PPD: N ,N′-bis(2-phenethyl)-perylene-3,4,9,10-bis-
(dicarboximide)
PS: polystyrene
PTPB: tetraphenylbenzidine polymer
PVK: poly(N-vinylcarbazole)
TOF: time-of-flight
TPD: N,N′-diphenyl-N,N-bis(3-methylphenyl)-[1,1′-biphen-
yl]-4,4′-diamine
TTA: tri-p-tolylamine
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