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a b s t r a c t

We have studied effects of the negative charged centers on the time of flight (TOF) curves measured in a
typical hole-conducting molecularly doped polymer. The main effects are the unusual TOF (surface gen-
eration) current rise in the preflight region (be it a flat plateau or a cusp) due to the accumulated space
charge and the current reduction at all times because of the monomolecular recombination. TOF-2 (bulk
generation) transients are less sensitive to charged centers. Analysis of these effects has proved that
charged centers do not change the carrier mobility provided that the space charge field and bimolecular
recombination are properly accounted for in terms of the proposed two-layer MT model. We have shown
that combination of TOF, TOF-1a and TOF-2 variants of the electron-gun based technique allows one to
establish definitively the character of the charge carrier transport in MDPs.

� 2014 Published by Elsevier B.V.

1. Introduction

Recently we reintroduced an electron-gun based time-of-flight
(TOF) methodology for exploring charge carrier transport in molec-
ularly doped polymers (MDPs) [1–3]. This approach was widely
used in 1960s and early 70s for measuring carrier mobilities in var-
ious dielectrics including polymers [4–6]. As a rule, these sub-
stances lacked photoconductivity in the near UV region, so an
optical mode of the charge carrier generation seemed impractical.
Instead, researchers relied on electrons to produce charge carriers
in a thin surface layer of the dielectric. Indeed, electrons acceler-
ated to energies from 1 to 50 keV, unlike UV photons, are capable
of ionizing atoms or molecules irrespective of their ionization
potentials, usually 10 eV or less. Besides, keV-electrons have a suf-
ficient penetrating power to ensure bulk ionization in thin films,
the property completely uncharacteristic of photons. This might
explain the wide application of electron guns in those studies.

Still, scientific results were limited and rather confusing. This
was only to be expected. Investigated substances were mostly
low mobility materials and TOF currents barely exhibited a kink
marking the transit time on a linear j� t plot. Such well-known
concepts as the dispersive quasi-band and hopping transport as
well as numerical and Monte-Carlo simulations were completely
out of reach for researchers at that time. As a result, a demise of
an electron-gun methodology followed.

An upsurge of interest in disordered organic solids occurred
around 1975 brought about by the progress in electrophotography
employing photoconducting polymers such as polyvinylcarbazole
(PVK) and its charge-transfer complexes as well as inorganic chal-
cogenide glasses (see [7]). Pulse lamps or lasers have been intro-
duced to ionize photoconductive layers in combination with a
special generation layer to photoinject carriers into the polymer it-
self [8,9]. This approach eliminated bimolecular recombination in
the bulk and greatly reduced property degradation of the charge
transport layers due to fatigue [10]. By 1991, an optical TOF tech-
nique became the state-of-the-art approach to study charge carrier
transport in MDPs [11].

We have shown that the time of flight measurements using an
electron gun providing single rectangular pulses of 1–50 keV-elec-
trons of variable duration (10 ls to 1 ms) and intensity (0.03–
100 lA/cm2) with an irradiated spot of up to 30 mm in diam.
opened up new possibilities in this area. Previous results obtained
with an optical technique (mobility data and its temperature and
field dependence) have been largely confirmed using low energy
(1–7 keV) electrons [12]. Extending TOF measurements to higher
electron energies with a variable generation depth (TOF-1a vari-
ant) [3] including the case of a uniform irradiation (TOF-2 tech-
nique) [1,2] revealed some interesting features of the charge
carrier transport unattainable for the traditional TOF technique.

Thus, it has been established that the TOF-2 technique elimi-
nates the undesired interference of the surface layers with TOF cur-
rent shapes so that this data may be directly compared with the
theoretical predictions. The multiple trapping model with an
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exponential (MTMe or simply MTM) as well as the Gaussian
(MTMg) trap distributions has been proved capable of describing
the non-equilibrium transport [3,13], the latter with parameter
values partly borrowed from an extensive database [11] provided
by the dipolar disorder formalism of Borsenberger and Bässler
[14,15]. Furthermore, the appearance of flat plateaus on TOF cur-
rents in polar MDPs, very much suggestive of the transport equili-
bration, is rather misleading. In fact, experimentally observed
transformation of current shapes (with rising electron energy)
from a cusp through a flat plateau, then a sloping shoulder and fi-
nally a featureless hyperbola-type curve (if plotted in linear coor-
dinates) is successfully explained by a two-layer MTM [3] (or
MTMg [13]).

Such a variety of research options comes at a price. Bulk irradi-
ation of a biased hole-only MDP sample in a TOF-2 experiment
introduces immobile uniformly distributed electrons. The same
situation appears in an electron-conducting MDP with the only
difference that now holes do accumulate. The consequences of this
charge accumulation are as follows. First, the uncompensated
space charge distorts an applied electric field strongly affecting
TOF current shapes. Second, immobile charges serve as recombi-
nation centers for majority carriers reducing currents over the en-
tire dynamic range of the TOF-2 experiment. Of course, these
effects may be controlled once TOF-2 experiments are conducted
in a small-signal regime.

Yet there is another interesting application of a TOF-2 preirradi-
ation aimed specifically to introduce charged centers into an MDP
in a controlled way, testing predictions of some theoretical argu-
ments [16,17], which envisage a specific sensitivity of the quasi-
equilibrium mobility to the presence of charged centers, whether
in an uncompensated form as a pure space charge or in a fully com-
pensated status (solid-state plasma).

Electron-gun based TOF-2, TOF-1a and TOF techniques provide
a unique opportunity for exploring all of these effects in detail
which is hardly possible with the traditional laser-based method-
ology. It is the purpose of the present work to explore as compre-
hensively as possible the influence of the charged centers on the
carrier transport in a hole-conducting MDP.

2. Theoretical

The problem under consideration is an effect, which uniformly
distributed charged centers exert on the small signal TOF and
TOF-2 curves registered in a typical hole-conducting MDP. To treat
it, we use an appropriate MTMg and make some standard simplifi-
cations. Holes are the mobile carriers, while immobile electrons
serve as recombination centers. The bulk recombination is de-
scribed by the Langevin mechanism [18]. Introduced charged cen-
ters modify an applied electric field making it spatially dependent.
We assume that probe TOF or TOF-2 pulses are small enough not to
affect either an electric field, or the concentration of the charged
centers (electrons, in our case). As the result, the former becomes
static, spatially dependent while the latter allows replacing of the
bimolecular recombination with a monomolecular one. Further-
more, the problem is treated as one-dimensional (the x-axis runs
along the applied electric field), irradiation pulse is approximated
with a d-function, and finally, diffusion currents are neglected.
Thus, we arrive at the following set of the coupled differential
equations:

@q
@t
¼ P0

s0

MðEÞ
M0

� qm0 exp � E
kT

� �
; ð1Þ

P ¼ P0 þ
Z þ1

0
qdE; ð2Þ

supplemented by the continuity equation

@P=@t þ l0@ðFP0Þ=@x ¼ g0 � P0=sa: ð3Þ

Here x P 0 increases in the inward direction of a sample, t is the
time after a pulse generation. Also, Pðx; tÞ is the total concentration
of holes, P0ðx; tÞ hole concentration in the conducting states with
the quasi-band mobility l0 and the lifetime s0. The density func-
tion of the trapped holes is given by qðx; E; tÞ where E is the trap
energy. The distribution of trap energies MðEÞ is given by the
half-Gaussian with rms r

MðEÞ ¼ M0

r

ffiffiffiffi
2
p

r
exp � E2

2r2

 !
; ð4Þ

where M0 is the total trap concentration. The frequency factor is m0

and FðxÞ is the static, x-dependent electric field (in the original state
of the sample it is F0, so that an applied voltage V0 ¼ F0L, where L is
the sample thickness). T is temperature and k is the Boltzmann con-
stant. In Eq. (3) g0 is the time dependent generation rate of both
holes and electrons while sa is the monomolecular recombination
rate constant.

We further assume that an MDP sample is not a homogeneous
solid but is a two-layer structure consisting of a defective (de-
pleted) layer with the thickness d and the doped polymer proper
[3,13]. Both layers are homogeneous and the interface between
them presents no barrier for holes crossing it. The boundary condi-
tion at x ¼ d implies the continuity of both the hole current as well
as an electric field. The width of the box-like generation zone in a
TOF-1a experiment is l.

The observable current density is given by

jðtÞ ¼ el0

L

Z L

0
FðxÞP0ðx; tÞdx; ð5Þ

We consider three types of the generation rate g0ðtÞ:

g0 ¼ r0dðtÞdðxÞ ðTOFÞ; ð6Þ
g0 ¼ ðr0=lÞdðtÞgðxÞgðl� xÞ ðTOF� 1aÞ; ð7Þ
g0 ¼ ðr0=LÞdðtÞgðxÞgðL� xÞ ðTOF� 2Þ; ð8Þ

where r0 is the surface density of holes generated by a probe pulse
and gðxÞ is the Heavyside step function (g = 0 for x < 0 and g ¼ 1 for
x P 0). Initial conditions are as follows

Pðx;0Þ ¼ P0ðx;0Þ ¼ qðx; E;0Þ ¼ 0:

Also, we adapted a system of equations of the multiple trapping
model to account for the presence of a defective layer. Model
parameter s0 became spatially dependent and was represented

as s0 ¼
s00; 0 < x < d
s0; d < x < L

�
, where d is the effective thickness of the

defective layer, and s00 is the carrier lifetime in the defective layer.
To simulate deficient conduction in the defective layer, we as-
sumed that s00 < s0 (R ¼ s0=s00 ¼ 6). Thus, the defective layer was
characterized by two quantities: s00 and d, which were used as
adjustable model parameters.

Letting FðxÞ � F0 and sa ¼ 1, we recover MTMg equations for
the small signal regime as given in [13]. The main parameter of
the problem is the uniform concentration of pre-introduced excess
electrons N� � Pðx; tÞ. It allows to introduce an important param-
eter jS, characterizing the extent to which the space charge dis-
torts an applied electric field:

jS ¼ eN�L=ee0F0; ð9Þ

where e is an elementary electric charge, e is a relative dielectric
permittivity of the polymer and e0 is the dielectric constant.
Generally,

FðxÞ ¼ F0½1þ jSð0:5� x=LÞ�: ð10Þ
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This formula follows from a one-dimensional Poisson equation
under condition that

R L
0 FðxÞdx ¼ �V0. For jS ¼ 1 the field at the an-

ode (x = 0) is 1:5F0 while at the cathode (x = L) it is 0.5 F0. For
jS ¼ 2 the field at the cathode altogether vanishes.

The monomolecular rate constant sa is given by

sa ¼ ðkrLN�Þ�1
; ð11Þ

where krL ¼ ðe=ee0Þl0 [18].
Calculations assume that probe TOF, TOF-1a and TOF-2 pulses

produce 1012 m�2 holes (and electrons) in a biased sample. Intro-
ducing parameter jP which is analogous to jS but refers specifi-
cally to the charge carriers generated by a probe pulse, we find
that jP ¼ 3� 10�4 and is 1000 times smaller than the starting va-
lue of jS in calculations (0.3). This relationship justifies the linear
approximation adopted in the theory.

Some model calculations has already been published for MTMg
parameters (Table 1) relating to 30 wt.% DEH:PC [13]. Let us briefly

discuss them. For L = 36 lm, F0 = 20 V/lm, d = 2.6 lm, l = 4.7 lm and
R = 6 curve 1 features a flat plateau (Fig. 1a). As the concentration of
the negative charge centers increases, this TOF-1a curve suffers substan-
tial change: the current at short times rises considerably while at longer
times it markedly reduces. As a result, forjS P 1:0 it looks like a feature-
less curve typical for a dispersive transport (curves 3 and 4 on Fig. 1a). In
such a case, to find a transit time, one needs to go to a log–log plot
(Fig. 1b). The role of recombination should not be overlooked as compar-
ison of solid and dashed curves 3 and 7 proves. Note that at jS = 1.0 the
recombination loss of holes in a standard TOF-2 probe pulse is roughly
21% (as numerical integration of respective curves shows).

3. Experimental

The molecularly doped polymer (MDP) used in these experiments
was bisphenol-A-polycarbonate doped with tritolylamine at 30 wt.%
(30%TTA:PC). The materials were dissolved in an appropriate solvent
(dichloromethane: 1,1,2-trichloroethane 1:1 by weight) and blade
coated onto ‘‘release paper’’ [12]. 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. 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. MDP films were dried by oven cur-
ing (80 �C) for 30 min. Samples preparation was done at the Eastman Ko-
dak Company in Rochester. Afterwards, films were peeled off the
substrate and cut to appropriate size (40 mm in diam.). Al electrodes
(about 30 nm thick, 32 mm in diam.) were deposited in vacuum on both
sides of the samples. This part of the work and all subsequent studies
were made at the National Research University Higher School of
Economics.

Thin electrodes were specifically intended for experiments with
the lowest electron energies to exclude as much as possible the e-
beam attenuation and energy loss in passing through them. A film
thickness was determined by measuring the capacitance of the film
(the dielectric constant of the MDP was taken to be 3.0) and was
about 23 ± 1 lm. All experiments were performed at room temper-
ature (about 295 K) in a vacuum of 3� 10�2 Pa at an applied volt-
age, which ensures an electric field F0 = 20 V/lm in fresh samples.
Data collection was performed digitally, with data collection rates
of 4� 105 s�1 for up to 10 s.

As already mentioned in Introduction, we used accelerated electrons
provided byanelectrongunELA-50. For TOF measurements, theelectron
energy was chosen in the range 2–7 keV while TOF-2 pulses used 50 keV
electrons. The pulse length was fixed at 20 ls and the probe beam cur-
rent density ranged from 0.4 to 1 lA/cm2 for probe pulses. In our inves-
tigations, negative charged centers were introduced into the bulk of a
biased sample as a direct consequence of holes exiting the sample after
preliminary TOF-2 irradiation. The role of the beam electrons stopped in
the sample is usually negligible. Unfortunately, an exact concentration of
the introduced charge centers is known only approximately since
recombination losses are difficult to assess once large electron fluences
are accumulated. To ease comparison with theory we parameterize
experimental data with quantity j0S defined by the total surface density
of generated electrons introduced into a biased sample as a result of pre-
liminary irradiation by a specified number of probe TOF-2 pulses. It is
evident that j0S > jS (the real surface density of accumulated negative
charges) since only a part of the generated electrons survive to the start
of the probe experiment (usually carried out one or two minutes later).

4. Experimental results and analysis

4.1. Bulk properties

To compute transient curves we use the reported values of the
GDM parameters extracted within the dipolar disorder formalism

Table 1
MTMg parameters for the case of 30%DEH:PC used for model calculations [13].

l0; m2/(V s) m0 ; s�1 s0; s r; eV

1.1 � 10�6 1.25 � 1011 2.4 � 10�11 0.128

Fig. 1. Computed TOF-1a curves in lin–lin (a) and log–log (b) coordinates in the
presence of charged centers. The insert shows TOF-2 curves in log–log represen-
tation. jS = 0 (1,5), 0.2 (2,6), 1.0 (3, 7 both solid and dashed, given for comparison)
as well as 2.0 (4,8). Dashed curves 3 and 7 refer to sa ¼ 1 (no recombination). Note
that for jS = 1.0 parameter sa ¼ 2 ls.

A.P. Tyutnev et al. / Chemical Physics 431–432 (2014) 51–57 53
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of Borsenberger and Bässler [14,15]. These include the total disor-
der energy r, the mobility of carriers l0 extrapolated to zero elec-
tric field (via PF functional dependence) for temperature T !1
and the mean distance q between dopant molecules calculated
using the lattice gas model (q ¼ N�1=3

d where Nd is the dopant
concentration).

The simple relationship between l0 and q [20]

l0 ¼
e

kT
q2mhh; ð12Þ

defines frequency mhh which may be related to the zero-field fre-
quency factor m00 of the model m00 ¼ 6mhh. MTMg parameters r
and l0 are taken to be the same as given above. The last parameter
of the model, the lifetime of the quasifree carriers s0, is found from
the relationship m00s0 ¼ 3:0 [13,19].

It is known that the GDM (and even more so the MTMg) is inca-
pable of explaining consistently the origin of the Poole–Frenkel
(PF) effect. Instead, the dipolar disorder formalism introduces this
dependence in a prescribed manner and uses it to extract model
parameters as mentioned above. It is not clear which of the MTMg
parameters is most appropriate to account for the PF effect, if only
in a prescribed manner. It seems to be the frequency factor m0. In-
deed, according to [21] the rate-limiting step in the dipolar glass
model is the thermally activated release of holes trapped by critical
traps whose radius is effectively controlled by the applied electric
field. Finally, we have

m0 ¼ kPFm00: ð13Þ

The factor kPF is supposed to be close to the ratio of the carrier
mobilities found at a given field strength F0 to that at F ! 0. In our
analysis, we put kPF equal to this ratio, which has been taken from
the published data for 30%TTA:PC [22,23] at room temperature.
Both papers report the same l0 (see Table 2) but rather different
r. According to [22] it is 0.115 eV while it is larger (0.123 eV) in
[23].

We choose to check computation results against an experimen-
tal TOF-2 curve (1) taken in a small signal regime at 5 V/lm

(Fig. 2). At this field strength, kPF is about 1.2 [22] and was used
for the fitting procedure. As we see, the computed curve (2) based
on [22] gives too short a transit time contrary to curve (3) based on
[23] ,which fits the experimental curve rather well. An attempt to
correct curve (2) by decreasing the frequency factor by 6 times (Ta-
ble 2) allows to fit the transit time but the post flight decay be-
comes too fast (see curve 4). So, we preferred model parameters
based on [23]. At the standard field 20 V/lm PF-factor kPF = 2.0
and was used in all subsequent computations.

In the above experiment (curve 1 on Fig. 2), the measured cur-
rent of the 50-keV electrons impinging an Al shutter (30 mm in
diam.) was 0.43 lA/cm2. By numerically integrating TOF-2 tran-
sient, we estimated the surface density of introduced electrons,
which for this case of a homogeneous irradiation happens to be
two times larger than the hole-current integral. As a result, exper-
imental value of jP ¼ 0:027 happens to be much larger than the
theoretical one used in calculations. Nevertheless, we see that
the TOF-2 experiment corresponds to a small signal regime. In-
jected electrons of the beam pulse constituted only 3.7% of the
above figure and might be neglected as already indicated earlier.
This means that obtaining j0S = 1.0 requires 37 probe TOF-2 pulses
delivered to the biased sample. In all cases the starting value
j0S = 0.3 ensures that j0S P 10jP making the results rather repre-
sentative even without any further processing.

4.2. TOF-1a measurements

It is expected that most striking results concerning effects of the
charged centers on the time of flight curves could be observed for
TOF-1a transients with flat plateaus. To find the proper values of
the electron energy for such an experiment, we performed TOF-
1a measurements irradiating both (free and release) sides of the
sample (Fig. 3). Unlike our previous results, now both sides display
rather similar behavior]. At electron energy as high as 11 keV TOF-
1a transients for the release side irradiations still feature cusps
(curve 3 on Fig. 3b) which is totally untypical for 30%DEH:PC sam-
ples of the comparable (20 lm) thickness [24,25].

To compute a TOF-1a transient with a flat plateau (in this case,
found for the free surface irradiation) we used a trial and error
method for finding two other parameters of the two-layer MTMg
and namely, a thickness of the defective layer d and the mobility
ratio R. Also, we used L = 23 lm, F0 = 20 V/lm, r0 = 1012 m�2. Un-
like the case of MTMe [3], now we failed to automate the fitting
procedure and had to manage with numerous time-consuming
computations. The resulting fit is quite satisfactory (curves 1 and
2 on Fig. 6). We found that d = 0.85 lm and R = 18 for l = 2.5 lm,
which is taken to mean an extrapolated electron energy
Re ¼ 0:8lm for 11 keV electrons (lm = 3.2 lm) securing a flat plateau.

Fig. 4 shows TOF-1a transients with a flat plateau in the pres-
ence of the negatively charged centers (parameterized with j0S).
Main effects are as follows. As this parameter increases, currents
at early times rise as well. Later, there occurs a crossover with
the original curve and afterwards a TOF-1a transient runs system-
atically below it. As the accumulated charge grows, the crossover
point shifts to earlier times. It is important to note that larger
recombination losses are incurred once the whole fluence
j0S = 1.5 is delivered by a single pulse. As a result, the correspond-
ing curve 6 on Fig. 4 almost merges with curve 4, which describes
the effect of charged centers accumulated by 37 standard TOF-2
pulses (k0S = 1.0). Fig. 5 presents data illustrating charged centers
effects on a TOF-1a curve featuring a cusp.

Fig. 6 demonstrates a semi-quantitative agreement with exper-
iment (we assume that e = 3.0). Also, we would like to stress that
for an effective charge introduction the presence of the applied
voltage is essential as Fig. 7 testifies. In its absence, the free ion
yield is substantially reduced, holes are not drawn out to the

Table 2
MTMg parameters recovered for 30%TTA:PC from appropriate literature and the
present experiment.

l0; m2/(V s) m00; s�1 s0; s r; eV Reference

5.5 � 10�6 6.2 � 1011 0.48 � 10�11 0.115 [22]
5.5 � 10�6 1.1 � 1011 0.48 � 10�11 0.113 [22] corrected
5.5 � 10�6 6.2 � 1011 0.48 � 10�11 0.123 [23] and the present work

Fig. 2. Comparison of the experimental (1) and computed (2–4) TOF-2 curves in
30%TTA:PC (see text). Electric field 5 V/lm. Time constant RC = 2 ls. Time of flight
for curve 1 is 17 ms.

54 A.P. Tyutnev et al. / Chemical Physics 431–432 (2014) 51–57
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collecting electrode and the recombination is greatly enhanced.
Nevertheless, the effect is still there if only substantially mitigated.

4.3. TOF-2 measurements

Both numerical calculations (Fig. 1) and experimental results
(Fig. 8) show that TOF-2 curves unlike TOF-1a transients, are less

sensitive to the charged centers. At j0S P 1:0 preflight slope b1 in-
creases while the post flight one b2 decreases (j / t�b) so that there
happens a crossover with an original curve, this time only on
experimental plots. The experimentally found recombination loss
(19%) happens to be more than two times smaller than the

Fig. 3. TOF-1a curves for free (a) and release (b) sides of a 30%TTA:PC sample 23 lm
thick. Electron energies (a) 4.9 (1), 5.5 (2) and 11.0 keV (3); (b) 1.1 (1), 5.5 (2), 11.0
(3), 15.4 (4), 20.0 (5) and 50 keV (6).

Fig. 6. Comparison of the proposed theory with experiment. Experimental (1,3)
and computed curves (2,4,5) refer to j0S equal to 0 (1,2) and 1.5 (3–5) respectively
but curve 5 neglects recombination effects.

Fig. 4. TOF-1a curves, electron energy 11 keV, free side. j0S = 0 (1), 0.1 (2, dotted),
0.3 (3), 1 (4) and 1.5 (5). Curve 6 (dotted) corresponds to j0S = 1.5 but unlike curve 5
has been obtained with one pulse of 50 keV electrons.

Fig. 5. TOF-1a curves, electron energy 2.7 keV, release side. j0S = 0 (1), 0.3 (2), 1 (3)
and 1.5 (4).

Fig. 7. TOF-1a curves, electron energy 11 keV, free side. j0S = 0 (1) and 1.5 (2,3).
Preliminary TOF-2 irradiation with (3) and without an applied voltage (2).

A.P. Tyutnev et al. / Chemical Physics 431–432 (2014) 51–57 55
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theoretical prediction (43%) for jS = 1.5 since the experimental va-
lue of this parameter is certainly smaller than 1.5 due to the
recombination losses suffered by the standard pulses at large elec-
tron fluences approaching j0S = 1.5. Thus, we see robustness of the
TOF-2 measurements for j0S 6 0:3 as effects of the accumulated
charged centers are lost in the experimental error bars. It is impor-
tant that even at higher values of j0S time of flight ttr as found using
logarithmic coordinates stays almost unchanged.

5. Discussion

From the present results it follows that the electron-gun based
TOF technique in all its three variants (TOF properly, TOF-1a and
TOF-2) when applied prudently proved very effective in revealing
the true meaning of the flat plateau on TOF curves and the role
of the defective (free or release) surface layers in its formation.
The effect of the charged centers, inevitably appearing in the bulk
of the sample in a TOF-2 experiment, on the current shape is easily
controlled or accounted for. The use of a log j� log t representation
of the TOF-2 current curves is imperative for the transit time
determination.

Quite accidentally, we found that the paper [10] addressed the
question of the space charge effects on the TOF curves resulting
from the fast trapping of electrons (immobile carriers in vitreous
As2Se3) after preliminary exposure of the shorted sample to long-
wave (700 nm) tungsten-lamp (almost homogeneous) illumina-
tion. The author of that paper came to similar conclusions but re-
stricted himself to the general discussion only.

Now we would like to touch upon one interesting prediction gi-
ven in already mentioned publications [16,17] regarding the
mobility dependence on the concentration of charged centers.
The model in question is the dipolar glass (DG) model (see [26]
for details), which furnished a successful explanation of the ubiq-
uitous lg l / F1=2

0 mobility field dependence in polar MDPs (the
so-called Poole–Frenkel effect).

The DG model differs from the conventional GDM in the treat-
ment of the dipolar contribution to the total disorder energy aris-
ing from randomly oriented dipolar hopping centers. It has been
shown that sites spatially close have close energies, in contrast to
the GDM. If dipoles can change so profoundly carrier transport, it
is interesting to see how charged centers would change it as they
also create a random potential distribution influencing site ener-
gies. A 1D-approximation to the 3D-dipolar glass model allowed
analytical solutions.

The problem considered refers to a perfect medium with con-
stant hole mobility l and the diffusivity D ¼ ðkT=eÞl. Hole motion

is governed by the 1D-Smoluchowski equation with an external
potential due to the applied electric field and the random energy
landscape arising from the introduced charged centers occupying
sites of a cubic lattice with nearest neighbor distance a (their con-
centration cþ ¼ c� ¼ c in units of a�3, thus giving rise to a spatially
homogeneous disorder) [17]. This seems a valid assumption as the
quasi-equilibrium transport sets in very quickly according to the
DG model [27]. The quasi-equilibrium mobility at small fields de-
creases by 10 orders of magnitude for c = 10�7�10�6 at room tem-
perature but then rises in accordance with the Poole–Frenkel law
as an applied field increases. The author of [17] warns at the same
time that this result obtained in 1D-approximation may grossly
overestimate mobility decrease but still its decrease by three or-
ders of magnitude seems quite possible.

The case of cþ–c� has been treated semiquantitatively. As long
as the space charge field remains small compared to the applied
electric field, one should expect a close similarity with the above
neutral case.

As for the experimental verification of the above arguments, we
cite ‘‘By now there are no experimental data on this dependence
(actually, no experimental data at all on charge transport in disor-
dered organic materials containing controllable concentration of
static charges; quite possibly, such data are very difficult to ob-
tain)’’ [17]. We have shown that the preliminary TOF-2 irradiation
of the MDP sample with or without an applied voltage serves well
to introduce static charged centers as a pure space charge in the
first case as well as an almost neutral solid-state plasma (spatially
homogeneous disorder) in the second.

Both TOF-2 irradiations at k0S = 0.1 (without applied field even at
k0S = 1.0) did not support the theoretical results: flat plateau be-
came only slightly sloping without any change of the transit time,
and accordingly, of the mobility. For a = 1.1 nm (computed in the
lattice gas model [23] for the concentration of dopant molecules
7.7 � 1020 cm�3) c � 2 � 10�7 at k0S = 0.1 and is 10 times larger
for k0S = 1.0. The lowest value of c in the experiment was 100 times
smaller (thus encompassing the theoretical c range). Earlier we ob-
served similar results with 30%DEH:PC [13]. It seems that this pre-
diction of the theory does not agree with experiment.

This contradiction with theory predictions as given in [16,17]
testifies to the fact that in reality we dealt with a non-equilibrium
hole transport rather than with an equilibrated one despite an
appearance of the flat plateau on the TOF-1a curves. In this situa-
tion, the application of the convection–diffusion equation used in
the cited papers seems unjustified. In fact, we have shown that
the two-layer MTMg taking into account the space charge effects
and the bimolecular recombination fully explains the observed
experimental data.

It is interesting to speculate about reasons for remarkably dif-
ferent behavior of TOF-1a transients in samples of 30% TTA:PC
and 30%DEH:PC irradiated from the release side (Fig. 3b and the
text). The idea of depletion layers being formed on both sides of
a sample during its coating/drying in air [25] seems to gain addi-
tional strength with our results. Indeed, DEH and TTA molecules
have rather close molecular weights (343 and 287, respectively)
but differ in shape: the former are long and rod-like while the lat-
ter are compact and almost spherical. The evaporation of DEH mol-
ecules is much slower than that of TTA molecules. As a result, the
former create much thinner depletion layer on the release side (in
contact with the substrate) compared with the latter in agreement
with experimental findings.

6. Conclusions

TOF-2 experiments with the bulk generation of charge carriers
proved decisive in establishing the non-equilibrium carrier

Fig. 8. TOF-2 curves, 50 keV, free side. j0S = 0 (solid) and 1.5 (dash-dot). Recombi-
nation loss amounts to about 19% compared with the theoretical value of 43%.
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transport in polar MDPs notwithstanding the appearance of the flat
plateaus on their TOF-1a transients (surface generation) otherwise
strongly suggestive of the equilibrated transport. It was long ar-
gued that the TOF-2 technique suffers from the fact that it intro-
duces the immobile electrons accumulating in a biased sample as
the number of probe pulses increases. This may distort experimen-
tal data. To answer this criticism we performed extensive experi-
ments to find how an accumulation of the negative charge
centers affects the hole TOF, TOF-1a and TOF-2 current transients
registered in a small signal regime.

To simulate experimental results, we used the two-layer MTMg
with model parameters recovered from a small signal TOF-2 and
TOF-1a current transients analyzed in the framework of the pro-
posed theoretical approach. It allowed accounting for the defective
(depleted of dopant molecules) surface layer, space charge as well
as recombination effects. As expected, the main effect is the unu-
sual TOF current rise in the preflight region (be it a flat plateau
or a cusp) due to the accumulated space charge, the minor one
being current reduction at all times because of the monomolecular
recombination.

It has been established that TOF-1a current curves with flat pla-
teaus are very sensitive to the introduced electrons, this effect
being in agreement with the numerical calculations. TOF-2 tran-
sients are much more resistant to this effect. Analysis of these ef-
fects has proved that charged centers do not change the mobility
provided that the space charge field and bimolecular recombina-
tion are properly accounted for in terms of the proposed two-layer
MT model. We have shown that combination of TOF, TOF-1a and
TOF-2 variants of the electron-gun based technique allows one to
establish definitively the character of the charge carrier transport
in MDPs.

Extreme sensitivity of the carrier mobility to the presence of
charged centers predicted in literature for the quasi-equilibrium
mobility has not been observed. This finding is in accord with
the fact that in our case the convection–diffusion equation with a
random electrostatic potential predicting such an effect is not
appropriate because of the non-equilibrium character of the trans-
port (despite the presence of the flat plateau on TOF-1a transients
otherwise suggestive of the transport equilibration).
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