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a b s t r a c t

We have investigated the bimolecular recombination of holes and electrons in a typical hole-conducting
molecularly doped polymer (DEH-doped polycarbonate). The method used is a variant of the time-of-
flight technique with the bulk generation of charge carriers. A small signal regime has been used to
extract parameters of the multiple trapping model with an exponential as well as the Gaussian trap dis-
tributions. Then, using a large signal regime with the generation rate increasing sequentially in a power
of 10, we compared model predictions with experiment. It was found that the best agreement is achieved
once the Langevin recombination coefficient is used, this being defined by the microscopic mobility fea-
turing in the models. The relevance of this fact to the published data has been addressed as well.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recombination is a process by which excess electrons and holes
effectively disappear in pairs and the system returns to its initial
equilibrium state. This process may be both beneficial and detri-
mental for device operation. Light emission accompanying the
recombination of charge carriers underlies an operation of the or-
ganic light emitting diodes (OLED). On the other hand, recombina-
tion losses should be reduced to a minimum in organic solar cells
or field effect transistors (FET). Enhancing radiative recombination
in OLEDs or suppressing it in solar cells/FETs requires deep under-
standing of the recombination process [1–5].

Most polymers currently employed in organic electronics and
photovoltaic devices are disordered low-mobility materials defy-
ing the standard band theory of inorganic semiconductors. Elec-
trons and holes are no longer moving as quasi-free particles
experiencing occasional scattering but rather jumping between
localized sites via a thermally assisted tunneling subject to an
energetic as well as a spatial disorder. As a result, the band theory
becomes inapplicable and should be replaced by a hopping formu-
lation, yet to be developed in its final form [1,6–9].

The basic theory of the bimolecular recombination of excess
charge carriers in low mobility dense gases, organic crystals and

liquids belongs to Langevin [10]. This theory stipulates that carrier
transport is diffusion-controlled (governed by the standard con-
vection–diffusion equation), mobility and diffusivity are constants
and there is no applied field. The recombination proceeds in iso-
lated encounter pairs of positive and negative charges having no
common precursor (for example, a geminate pair) and thus occur
independently. Once an encounter pair is formed, its charges, ini-
tially separated by the Onsager radius (see below), approach each
other drifting in an attracting Coulomb field, at this stage diffusion
being neglected. Under these conditions, the Langevin theory pre-
dicts that an instantaneous recombination rate R for a uniform dis-
tribution of charge carriers with concentration N is given by

R ¼ �dN
dt
¼ krLN2 ð1Þ

and the Langevin recombination coefficient is

krL ¼
e

ee0
l ð2Þ

where e is an elementary electric charge, e is the relative dielectric
permittivity of the medium, e0 is the dielectric constant. Formula (2)
assumes that the mobility l and the diffusivity D are related by the
Einstein formula. If both charge carriers are mobile, parameter l is
the sum of their mobilities.

In the case of the normal hopping transport (on a regular lattice
of the isoenergetic hopping centers) one additional limitation on
the Langevin theory arises, and namely, the spatial scale of a mean
hop l should be small compared to the Onsager radius rc ¼ e2

4pee0kT

(19 nm for e = 3.0 and T = 290 K). Also, l should not exceed about
1 cm2/V s [10]. In disordered organic solids, the mobility is small
indeed while l is usually on the order of 1–2 nm and also satisfies
the above condition. However, direct application of this approach
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to bimolecular recombination in such systems runs into one funda-
mental difficulty as both l and D are no longer material constants.
Carrier transport in disordered organic solids is generally non-
equilibrium. As a result, mobility and diffusivity become time-
dependent quantities [11–13].

To overcome this problem, it was proposed to use the convec-
tion–diffusion equation as usual but this time with the mean val-
ues of these quantities, compensating the possible inaccuracies
by employing different methods for examining the recombination
mechanism [14]. Based on this line of reasoning, many experimen-
tal investigations of bimolecular recombination of electrons and
holes in photovoltaic materials have been undertaken [14]. These
works revealed that the Langevin recombination is indeed opera-
tive in these materials, but not in all of them. There are materials
in which the apparent recombination coefficient kr is much smaller
than krL (up to several orders of magnitude). This phenomenon is
known as the non-Langevin recombination. According to the latest
results in this field, the origin of the non-Langevin recombination
in solar cell materials is somehow related to the exciton formation,
which according to [15,16] represents a rate limiting step for
charge recombination.

It should be noted that as early as 1982 we proposed using the
multiple trapping model (MTM) with an exponential trap distribu-
tion (at that time, the Rose–Fowler model [17] named after Rose
who formulated it for the photoconductivity of inorganic crystals
and Fowler who successfully applied it to the radiation-induced
conductivity (RIC) in ordinary polymers). Later it became known
as Rose–Fowler–Vaisberg (RFV) model [18,19] (the last author ex-
tended its application to reversible changes of mechanical (creep)
and dielectric (ac conductivity) properties of polymers under irra-
diation conditions). As such, it became the main instrument for
studying charge carrier transport, generation and recombination
in polymers for the subsequent 25 years.

Unlike present day photovoltaic materials (molecularly doped
polymers (MDP) included), ordinary polymers (among them PS or
PC serving as polymer binders in MDPs) lack photoconductivity
in the near UV region and do not allow the traditional optical var-
iant of the time-of-flight (TOF) technique. Much needed informa-
tion concerning times of flight of the majority carriers was not
available at that time, allowing RFV model parameters to be deter-
mined only approximately [19].

Nevertheless, analytical treatment of the RFV model for the spe-
cial case of the step-function irradiation has revealed that there is a
universal criterion for the Langevin recombination based on di-
rectly measured experimental observables [20]:

cmtm ¼ DðaÞee0 ð3Þ

where cm is the maximum RIC occurring at the time tm, while D(a) is
a tabulated coefficient on the order of unity (a is the dispersion
parameter). For a = 0.5 D(a) = 0.827 and for a = 0.2 it is 0.25. In this
case krL is based on the parameter l0 of the RFV model, the so-called
microscopic mobility. Once Eq. (3) transforms into a strong
inequality

cmtm � DðaÞee0 ð4Þ

it is customary to talk about the non-Langevin recombination (kr -
� krL). It has been shown that at room temperature PS and PET fea-
ture the Langevin recombination while LDPE and PTFE exhibit a
non- Langevin one.

From 1998 on, we started applying the RIC technique for explor-
ing the charge carrier transport in MDPs employing an electron-
gun facility for this purpose [21,22]. Classical RIC technique implies
a uniform sample irradiation and the lack of transit time effects,
which perfectly suits ordinary polymers. When applied to MDPs,
this technique transformed into the time-of-flight method with a
uniform generation of charge carriers (TOF-2) emphasizing exactly

transit time effects and allowing direct mobility measurements.
With electron energies in the range 1 to 7 keV (surface charge gen-
eration) it effectively becomes a conventional TOF technique. A
combination of TOF-2 and TOF measurements performed in a small
signal regime allows finding MTM parameters. These may subse-
quently be used to probe the recombination mechanism by analyz-
ing shape changes of the TOF-2 transients when the electron beam
intensity rises sequentially in power of 10. Of course, one has to
limit the observation time to a fraction of the time of flight thus
eliminating undesired transit time effects and allowing direct
application of the RFV formalism. Exactly this approach has been
pursued in the present paper.

Recently it has been established that TOF and TOF-2 transients
in most MDPs lend themselves to be equally well described by the
MTM with either an exponential (MTMe) [12] or the Gaussian
(MTMg) [9] trap distributions. Both of them agree satisfactorily
with the Monte-Carlo simulations of the Gaussian disorder model
(GDM) [7,23]. According to [1], the GDM still remains the most
prominent parametric model derived from the Monte-Carlo simu-
lations describing the hopping transport of charge carriers in disor-
dered organic solids.

2. Basic considerations

As indicated above, to conduct numerical analysis of the gen-
eral problem we have split it into two separate formulations. The
first is the TOF-2 sub problem, which deals with charge carrier
transport in the single-carrier (hole) conductor after a d -pulse
uniform generation of holes and electrons with an initial concen-
tration P0 small enough to keep the applied electric field uniform
and constant. Under these conditions, recombination of holes
with immobile electrons may be neglected. In addition, the for-
mulation assumes a one-dimensional consideration (x-axis goes
along the field direction). Thus, we arrive at the following set of
differential equations:

@q=@t ¼ ðP0=s0ÞMðEÞ � m0q exp � E
kT

� �
ð5Þ

P ¼ P0 þ
Z 1

0
qdE ð6Þ

supplemented by the continuity equation, which in the absence of
recombination looks like

@P=@t � l0F0@P0=@x ¼ 0 ð7Þ

Here x P 0 increases in the inward direction of a sample, t is the
time after a d -pulse generation of charge carriers. Also, P(x, t) is the
total concentration of holes, P0(x, t) is their concentration in the
conducting states with the quasi-band mobility l0 and lifetime
s0. The density function of the trapped holes is given by q(x,E, t)
where E P 0 is the trap energy. The distribution of trap energies
M(E) is normalized to unity (

R1
0 MðEÞdE ¼ 1), M0 being their total

concentration. The frequency factor is m0 and F0 is the applied elec-
tric field. The observable current density is

jðtÞ ¼ el0F0

L

Z L

0
dxP0ðx; tÞ ð8Þ

where L is the sample thickness.
The initial condition is as follows (holes emerge in the conduct-

ing states):

Pðx;0Þ ¼ P0ðx;0Þ ¼ n0 ð9Þ

For the MTMe we have (E1 is the mean trap energy)

MðEÞ ¼ ð1=E1Þ expð�E=E1Þ ð10Þ
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while for the MTMg this looks like

MðEÞ ¼ ð0:5pr2Þ�1=2 exp � E2

2r2

" #
ð11Þ

where r is the rms deviation of the trap energy distribution. In the
case of MTMe the dispersion parameter a = kT/E1.

The above set of equations has been solved numerically in
accordance with [9,13]. By fitting experimental TOF-2 curves, it is
possible to find MTM parameters. The fitting process starts with
the published data obtained within the framework of the dipolar
disorder formalism of Borsenberger and Bässler [24] followed by
a trial and error procedure (see below). Numerical calculations
have been done for a fixed planar concentration of the generated
charge carriers 108 cm�2.

The second formulation is the RIC sub problem, which deals
exclusively with the carrier recombination without any interfer-
ence on the part of transit time effects just as it happens in the
RFV model [17,18] (the paper [18] covers both MTM trap distribu-
tions). In this case, we consider a semi-infinite sample under a
pulse irradiation, whose length is tp. At the beginning of irradiation
the concentrations of electrons and holes are equal to zero while an
electric field is uniform and equal to F0. As irradiation proceeds
with a constant and uniform generation rate g0, carrier concentra-
tions start to rise together with the recombination rates. It is
important that electron and hole concentrations continue to be
equal and no space charge appears, so that the electric field stays
constant and equal to F0.

The new set of differential equations is a typical time-depen-
dent Cauchy problem:

@q=@t ¼ ðP0=s0ÞMðEÞ � m0q exp � E
kT

� �
ð12Þ

P ¼ P0 þ
Z 1

0
qdE ð13Þ

dPðtÞ=dt ¼ g0 � krP0ðtÞPðtÞ ð14Þ

We see that Eq. (7) transforms into Eq. (14) as now P, P0 and N
do not depend on x and P = N. Eq. (8) simplifies to j(t) = el0F0P0(t).
At last, the initial condition (9) becomes N(0) = P(0) = P0(0) = 0.

Figs. 1 and 2 demonstrate typical computed curves as given by
the RFV model for both trap distributions for a number of

generation rates increasing in a power of 10 starting with g0

= 1021 m�3 s�1 (the quantity c equals el0P0(t). Fig. 1 refers to a
pulse irradiation (tp = 1 ms) whereas Fig. 2 describes the case of a
continuous irradiation. The Langevin recombination rate constant
has been used throughout these calculations. MTM parameters
chosen are those relating to an MDP under examination (see
Table 1. and Section 3 below).

Concerning Fig. 1, it should be noted that both sets of curves
share some common features. Thus, at long times and large gener-
ation rates curves overlap (as transients 3 and 4 demonstrate) fol-
lowing a universal hyperbola-type dependence

j ¼ cee0=t ð15Þ

For the case of MTMe and not too large a 6 0.5 c � a if the
Langevin recombination is operative (see [19]). In our case c is
the same for both models (0.75) and rather close to a for MTMe.
Next observation relates to the intensity dependence of the RIC
computed at the irradiation end: initially linear it changes gradu-
ally to a sublinear dependence approaching an algebraic function
with an exponent slightly less than 0.8. Also, the build-up part of
the curves flattens while their decay after irradiation end gets stee-
per as generation rate increases.

As for continuous irradiation, we see that MTMg curves rise al-
most monotonically to their steady-state values unlike MTMe ones,
which pass through a maximum cm at t = tm. In the former case, we
define tm by intersection of the linear extension of the rising part of
the lg j � lg t dependence with the steady-state value of the con-
ductivity. These two times are rather close. Extracted values of
the ratio cmtm/ee0 as given by Eq. (3) are as follows 1.6 (MTMe)
and 2.3 (MTMg) with an accuracy ±20%. The former compares
favorably with published data for a = 0.8 (1.72 [17–20]). Below

Fig. 1. Numerical solutions of the RFV model for carrier generation rates 1021 (1),
1023 (2), 1025 (3) and 1027 m�3 s�1 (4). Numerical calculations done with the MTMg
(solid) and the MTMe (dash), model parameters are given in Table. Irradiation
duration 1 ms.

Fig. 2. Numerical solutions of the RFV model for carrier generation rates 1021 (1),
1023 (2), 1025 (3) and 1027 m�3 s�1 (4). Numerical calculations done with MTMg
(solid) and MTMe (dash), model parameters are given in Table. Continuous
irradiation.

Table 1
Model parameters used in this paper.

MDP MTM l0, m2/
(V s)

m0, s�1 s0, s r (eV) or a

15%
DEH:PC

MTMe 9 � 10�6 7.8 � 104 3 � 10�11 0.81
MTMg 3 � 10�8 9 � 109 4 � 10�10 0.125

30%
DEH:PC

MTMe 9 � 10�6 2.1 � 106 3 � 10�11 0.78
MTMg 1 � 10�6 1.25 � 1011 2.4 � 10�11 0.128

Note: Data for 30% DEH:PC taken from [26].
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we use this approach to test the validity of the Langevin recombi-
nation mechanism in a typical MDP.

3. Experimental details

The MDP used in our experiments was DEH-doped PC prepared
at the Eastman Kodak Company in Rochester at a weight concen-
tration of 15%. Preliminary data for 30 wt.% DEH has already been
published [26]. Solution-cast films were blade coated onto ‘‘release
photopaper’’ as described in [12]. This photopaper is coated with a
thin layer of polyethylene. As a result, an MDP film could be easily
peeled away (released) from the paper (hence its name). MDP films
were dried by oven curing (80 �C) for 30 min, then peeled off the
paper and cut to appropriate size (40 mm in diam.). Al electrodes
(about 50 nm thick, 32 mm in diam.) were evaporated in vacuum
on both sides of the samples. Film thickness was determined by
measuring the capacitance of the film (the dielectric constant of
the MDP was taken to be 3.0).

To conduct TOF-2 and RIC experiments, we used an electron
gun facility ELA-50/5 capable of delivering single rectangular
pulses of monoenergetic (50 keV) electrons, which are 1 ms long.
Electron energy used is sufficient to produce a bulk generation of
charge carriers in our samples (L 6 30 lm) minimizing any inter-
ference of the surface layer with the current shapes [12], thus
yielding information relating to the intrinsic (bulk) properties of
this MDP. The irradiated area in our experiments was 32 mm in
diam. and compared favorably with the laser-based TOF technique
(typically less than 3 mm [25]) thus appreciably improving the sig-
nal-to-noise ratio. In TOF-2 experiments, the beam current density
was kept around 0.4 lA/cm2. As shown in [22], all these factors en-
sure that experiments have been done in a small signal regime.

In contrast to the exponential attenuation of a laser pulse, the
electron beam absorption has a well-defined maximum range lm.
The maximum charge generation occurs at a distance approxi-
mately equal to 1/3 lm, and is a factor of 2.3 larger than at the sur-
face. For the electron energy Ee = 50 keV in our MDP lm = 40 lm,
while generally lm / E1:67

e . Fast electrons produce more or less ran-
dom geminate ion pairs with internal separation of sibling charges
between 4 and 6 nm (the radiation yield approximately equal to 30
pairs per 100 eV of absorbed energy (see [19] for details).

In RIC experiments the pulse length was fixed at 1 ms and e-
beam current density increased sequentially in steps of power 10
starting with the least dose rate appropriate for a reliable current
registration. The applied voltage was kept constant so that before
irradiation the field in the sample was 20 V/lm. All experiments
were performed at room temperature (about 295 K) in a vacuum
3 � 10�2 Pa. Data collection was performed digitally, with collec-
tion rate of 4 � 105 s�1 for up to 10 s.

As an additional precaution against accumulation of any inad-
vertent irradiation dose effects, the samples could be annealed in
air by heating to 65 �C for 30–40 min, which proved sufficient to
restore their original condition [22].

4. Experimental results and their analysis

Fig. 3 presents TOF-2 curves and illustrates the fitting proce-
dure. It involves three experimental parameters: time of flight ttr

and two slopes b1 and b2 (j / t�b) of the tangents just preceding
and following ttr, defined by their intersection (note that logarith-
mic coordinates are used). Hole mobility thus found is
2.8 � 10�8 cm2/V s and agrees satisfactorily with the existing pub-
lished data [25,27]. Earlier [28] we have shown that ttr is bracketed
by two conventional times of flight, and namely, t0 marking the
end of the plateau and t1/2 meaning the time it takes for the current

to fall two times from its plateau value. Also, TOF-2 curves in other
samples from the same batch show good agreement as well.

One of the main problems in the MTM parameterization of an
organic solid under examination is the fact that there is a large
freedom in parameter values. Shape parameters r (MTMg) or a
(MTMe) are rather uniquely defined by slopes b1 and b2. To find
l0, s0 and m0, we have only time of flight ttr to rely on. Of course,
here we encounter a poorly defined problem.

Indeed, MTM results depend generally only on the product l0s0

(the so-called schubweg) once an average number of hops needed
for a carrier to cross the sample is large, i.e. N ¼ ðL=l0s0F0Þ � 1.)
[29]. In case of the MTMe the uncertainty gets even larger as
now ttr is simply inversely proportional to the product m0(l0s0)1/a

[30,31] (for a P 0.6 only approximately). At least for the MTMg
this ambiguity can be dealt with by drawing arguments of the
dipolar disorder formalism (see [9] for details). This way, parame-
ters given in Table for the MTMg have been obtained.

As for the MTMe, we had to abandon such an approach and con-
fined ourselves to trial and error procedure. Parameters selected
are given in Table and as Fig. 3 shows, they are quite adequate to
describe an experimental TOF-2 curve. The question of the MTMe
relation to the GDM deserves special consideration. We plan to ad-
dress it in our later publication.

Now that the model parameters are known, theoretical RIC
curves for different dose rates may be computed. To compare these
with experiment, it is necessary to determine generation rates cor-
responding to experimental curves. It is clear that we need to do
this only for the curves corresponding to the smallest dose rates
as for larger intensities generation rates are expected to be a mere
multiples of these. There are two approaches to achieve this pur-
pose. First, we may numerically integrate the current curve to find
the number of generated carriers and hence the generation rate as
described in [31]. Second, we may use the Mulassis code [32] by
making Monte-Carlo calculations of the depth-dose profile for
monoenergetic electrons to determine a thickness-averaged dose.
This may easily be converted into the number of free charge carri-
ers per unit volume [31] and hence to the generation rate. Both ap-
proaches have been employed and gave consistent results.

As a result, it has been established that the radiation yield of
free carriers per 100 eV of absorbed energy Gfi � 0.5 at 20 V/lm.
The agreement between theoretical and experimental TOF-2
curves at the lowest dose rate was about 20%. Plotting these on
Fig. 4 and Fig. 5 we made them to coincide as much as possible
in the time region limited by a fraction of the time of flight (in

Fig. 3. Experimental TOF-2 transient (1, solid line) and MT fitting with the MTMg
(2, dash line) and the MTMe (3, dot line) for 15% DEH:PC (sample thickness 29 lm,
electric field 20 V/lm). Extracted model parameters are given in Table.
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our case, to 100 ms). These curves served as a reference points for
all other transients (both theoretical and experimental) for sequen-
tially rising generation rates in a power of 10. The theoretical
curves refer to the Langevin recombination. It is seen that the pre-
sented data agrees well with the Langevin mechanism of the bimo-
lecular recombination as far as the MT formalism is concerned.

To test the robustness of this result, we allowed the recombina-
tion rate constant to decrease from its Langevin value by a factor of
1.5 for a computed curve already experiencing appreciable recom-
bination influence (dotted curve 5 on Fig. 5). We see that the
resulting deviations for this trial curve by far exceed differences
between experimental and fitting curves computed for the Lange-
vin rate constant in the time interval 2–100 ms. This finding testi-
fies to the fact that the recombination rate constant in DEH:PC
differs only insignificantly from its Langevin value. This leads in
turn to the conclusion that the bimolecular recombination in
DEH-doped PC is of the Langevin type, this being understood in
terms of the MT model correctly describing the hole transport in it.

5. Discussion

In our treatment of the bimolecular recombination of the charge
carriers in a typical MDP featuring a single-carrier (hole) hopping
conduction we had to resort to a MT formalism which raises a
legitimate question as to whether such a substitution is justifiable.
The mere necessity of a substation is quite understandable as di-
rect Monte-Carlo simulation of the bimolecular recombination
(non-linear multiple-body problem) in a disordered solid featuring
a hopping conduction is a formidable task and to our best knowl-
edge, has not been even tried. The choice of the MTM as a candi-
date theory is substantiated mainly by the concept of the
transport energy [33,34] (see also [1,12]). According to [12], the
MTM is only a heuristic model (totally ignoring the spatial disor-
der), but it has certain advantages over numerical simulations of
hopping in spatially and energetically disordered systems in that
it can be solved analytically.

We are fully aware that this move entails a loss of important
features inherent to the hopping transport, especially concerning
the mobility field dependence. Still we think that at a fixed electric
field the MTM is quite useful for describing the bimolecular recom-
bination in disordered organic solids and especially so if MTM
model parameters have been retracted from experiment by fitting
time-resolved TOF-2 curves using a logarithmic scale as shown on
Fig. 3. Intuitively it is clear that this approach captures essential
features of the time dependent mobility, which controls the
recombination process. To probe it, we extend TOF-2 experiment
into a large signal regime. In doing so, we shorten the observation
times to a fraction of ttr as indicated earlier, thus eliminating an
interference of the transit time effects on the RIC curves.

The reason why we prefer to use small-signal TOF-2 transients
rather than the traditional TOF (carrier surface generation) is that
the former, though more difficult to process numerically, is free
of exterior surface layer interference. The TOF-2 curves exhibit a
stable shapes contrary to the TOF transients, which are known to
be much more variable [28]. An apparent controversy arises with
perfectly flat plateaus on TOF curves followed by an anomalously
long tails described by an algebraic dependence j / t�b2 with b2 ly-
ing in the narrow range 1.8–2.3 [12,22,28].

This fact immediately points to a glaring contradiction with the
MT formalism [9,35] or even with the GDM itself [7,23]. Indeed, in
both cases the presence of the flat plateau means partial equilibra-
tion of the transport at least regarding the mobility since the diffu-
sivity equilibration is an extremely protracted process [34].
Numerical calculations or Monte-Carlo simulations show that as
b1 decreases due to the gradual approach of the transport process
to the dynamic equilibrium the post flight slope b2 invariably in-
creases, in fact, as b1 ? 0 parameter b2 ?1 [23,35].

Recently, it has been established that the dipolar glass model
(DGM) behaves quite uniquely in that TOF transients with almost
flat plateaus (b1 6 0.05) have b2 close to 2.0 [36,37]. As yet, there
is no clear explanation of this unusual current behavior.

At first sight, a theoretical TOF-2 curves predicted by the DGM
closely reproduce experimental ones but at least one fact defies
such an interpretation. Indeed, according to theory, a DGM TOF-2
transient in the time interval of the plateau looks like a sloping
ramp with a constant time derivative (Fig. 9. in [37]) whereas
experimental curves in the same time interval are typically con-
cave hyperbola-type transients with changing time derivative. In
our opinion, the resolution of this controversy requires an involve-
ment of the two-layer model of an MDP sample [9,12].

As shown above, we have established that the recombination
process proceeds in accordance with the Langevin theory and this
happens for two dopant concentrations (15 and 30 wt.%) and elec-
tric fields used (5, 20 V/lm). It is gratifying that the selected MDP

Fig. 4. Experimental TOF-2 transients (solid lines) and their theoretical fitting using
MTMg (dash lines) for 15% DEH:PC (sample thickness 29 lm, electric field 20 V/
lm). Carrier generation rates 1022 (1), 1023 (2), 1024 (3), 1025 (4), and 3 � 1025 -
m�3 s�1 (5). Model parameters are given in Table.

Fig. 5. Experimental TOF-2 transients (solid lines) and their theoretical fitting using
MTMe (dash-dot lines) for 15% DEH:PC (sample thickness 29 lm, electric field 20 V/
lm). Carrier generation rates 1022 (1), 1023 (2), 1024 (3), 1025 (4), and 3 � 1025 -
m�3 s�1 (5). Dotted curve 5 has kr = krL/1.5 (see text). Model parameters are given in
Table.

A. Tyutnev et al. / Chemical Physics 415 (2013) 133–139 137
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is obeying the Langevin theory of bimolecular recombination for l0

rising at least 33 times in the case of the MTMg (see Table) and 4-
fold variation of the electric field.

This result is rather unexpected in the context of recent publi-
cations [14,15], which claim that in some organic materials the
recombination process is of the non-Langevin type (kr� krL). This
situation warrants some discussion.

There were several reasons to start our investigation of the car-
rier recombination in low-mobility materials with DEH-doped PC.
First, it is an MDP, which ensures a 3D carrier transfer via spatially
homogeneous manifold of hopping centers represented by DEH
molecules since PC matrix lacking any p -conjugated polymer seg-
ments should not contribute to the carrier transport. This makes
MDPs an ideal test bed for 3D hopping theories. Second, this
MDP is a polar one whose total disorder energy r is rather large
(0.12–0.13 eV [25,38,39]) which secures the non-equilibrium car-
rier transport at room temperature thus complicating an applica-
tion of the standard drift–diffusion approximation widely used in
literature (see [14]). It is important that PC is not a p -conjugated
polymer like PPV or P3GT widely used in organic solar-cell materi-
als [1–4]. In these polymers, a weak intermolecular 3D carrier
transfer mixes with a fast 1D transfer along polymer segments or
even chains. The separation of these two contributions to the
recombination process is not an easy task. Choosing PC as a matrix
dispenses with such a need.

Selecting inert polymer matrix (as far as exciton formation and
transport is concerned) removes the main factor presumably
reducing efficiency of the bimolecular recombination due to the
redissociation of excitons (the final intermediate product of a pair
recombination in p -conjugated polymers) once their binding en-
ergy is not too large (60.2 eV) [16]. In this case, exciton formation
may become a rate-limiting step for charge recombination [14].

In this context, it is appropriate to discuss at some length an
elementary act of the bimolecular recombination, i.e. the time evo-
lution t of the recombination probability of a loosely bounded
encounter pair of two oppositely charged carriers separated by
an Onsager radius (also called the Coulomb radius). In the limit
of an infinite recombination velocity (instantaneous recombina-
tion) and a vanishing recombination radius, we recover the well-
known result of Langevin [40].

Once the process of complete recombination to the ground state
is hindered to some extent, we arrive at the non-Langevin recom-
bination. The standard approach is to admit that there is a partially
absorbing sphere of finite radius R at the origin with a reaction
constant k. Then, according to the analytical treatment of the
Smoluchowski equation with proper boundary conditions for the
homogeneously distributed charges experiencing Coulomb inter-
action within individual pairs only, the following basic result for
the steady-state solution exists [41] (in a slightly rearranged form
compared to the original):

q ¼ kr=krL ¼ n=½nþ ð1� nÞ expð�bÞ� ð16Þ

Here n ¼ k=krL ¼ ðR2vÞ=DrcÞ 6 1.0, v is an effective velocity (the
less it is, the more non-Langevin is the recombination), D is the dif-
fusivity of carriers (assumed a constant), b = rc/R. Usually (includ-
ing the case of exciton formation as an intermediary process of
the bimolecular recombination) b� 1.0. It is seen that for not
too small n, parameter q is close to unity (the Langevin recombina-
tion). Now, to obtain sufficiently small values of q (for example,
0.01) one has to ensure that n = q exp(�b), which is an extremely
small number (about 7.5 � 10�7 for R = 2 nm and rc = 19 nm). In
the light of this result, it is understandable why the problem of
the non-Langevin recombination deserves a more careful analysis.

An exact time-dependent solution of the above problem has
been given in [40] while the case of a disordered organic solid
(non-equilibrium carrier transport) has been analyzed in [42]. In

the last work, Eq. (16) has been recovered but this time the diffu-
sivity D refers to the diffusion cluster (analogue of the conduction
band in the quasi-band MTM).

A number of explanations have been enumerated to explain the
non-Langevin recombination [1]. Two of them are especially inter-
esting. One is based on the notion of spatially separated charges in
such blends so that the recombination takes place only at the het-
erointerface. Another one takes into account the carrier concentra-
tion gradients due to the electrode/blend/electrode sample
configuration. In this respect, our previous results about the non-
Langevin recombination in ordinary polymers LDPE or PTFE [19]
are of special importance as these are not blends, no excitons are
involved and the charge generation process is straightforward
(ionization by an electron impact). We plan to return to these
investigations complementing them with TOF-2 measurements
with RRP3HT/PCBM employing electron-gun based technique.

The possible field dependence of the ratio kr/l0 has been ex-
plored in [16] using the combination of the analytical treatment
and the Monte-Carlo simulations. It has been shown that this ratio
mildly increases with an electric field (according to Fig. 2 in the ci-
ted paper, approximately twofold for the field increasing from 10
to 200 V/lm).

Now we should address an interesting question concerning the
possible role of the generation type in the recombination kinetics.
In our work, we use high-energy radiation, which is capable of ion-
izing any substance irrespective of its chemical structure. Electrons
and holes emerge because of the direct ionization by an electron
impact or the auto ionization of highly excited states of constituent
molecules. Unlike this, the traditional (optical) method of carrier
generation relies on light quanta and consists in the intrinsic photo
excitation of the dopant molecules (mainly in the exciton absorp-
tion band) or in the sensitized injection of majority carriers from
special generation layers whose molecules have low ionization
potentials (a -Se, dyes etc.). It is clear that carrier transport may
differ considerably at early times when geminate pairs are still
present in large quantities and affect carrier dynamics consider-
ably. However, after some time following a pulse generation, the
current transients due to the mobile carriers (usually holes) are ex-
pected to become indistinguishable irrespective of the counter-
ions (electrons) being present or not (small signal experiment is
implied). Experiment fully supports this statement as all reported
mobility values are rather close [25].

The method adopted in the present work to probe the bimolec-
ular recombination implies an observation and analysis of currents
at times up to four orders of magnitude shorter than the time of
flight. In this time domain differences relating to various genera-
tion modes may quite appear. It will be especially interesting to
compare recombination kinetics encountered in high-energy irra-
diation (our case), photoexcitation into S1 ? S0 or (Sn ? S0, nP3)
transition as attempted in [43] or even direct photoexcitation
(via autoionization) of the dopant molecules. These results may
help to understand differences between an optical excitation and
the high-energy irradiation both of which are currently widely
used to study carrier transport and bimolecular recombination in
disordered organic solids.

6. Summary

In this paper we have explored the bimolecular recombination
in a typical MDP (DEH:PC). Taking into consideration that hole
transport in this MDP is moderately non-equilibrium, we had to
rely on the MTM formalism rather than use the usual diffusion-
convection equation. MTM parameters for both an exponential as
well as the Gaussian trap distributions have been extracted from
experimental time-of-flight curves using the bulk carrier genera-
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tion in a small signal regime. This way, we managed to obtain data
characterizing intrinsic properties of the MDP undistorted by any
surface related effects invariably present with the optical carrier
generation mode. To achieve this, we resorted to the electron-
gun based technique.

To probe the bimolecular recombination, we used rectangular
pulses 1 ms long of 50 keV electrons, whose current density progres-
sively increased in steps of a power 10 driving current transients first
into recombination-affected and finally recombination-controlled
regime. The experimentally observed changes of the transients
shape could be compared to the MTM-based numerical calculations.
The best fitting of experimental curves has been achieved for the
Langevin recombination coefficient, which proves that the bimolec-
ular recombination in a tested MDP is of the Langevin type. Unlike
traditional interpretation, this time the recombination rate constant
is defined by the mobility l0 of holes in the conducting states (MTM
controlled quantity) rather than the true mobility of holes present-
ing itself as a material constant.

We argue that the reported cases of the non-Langevin recombi-
nation explained by the redissociation of the excitons need more
careful examination. The problem is that the interpretation in-
volves unrealistically small reaction rate constants on a partially
absorbing sphere hindering the completion of the recombination
process.

The main conclusion is that the bimolecular recombination in a
typical molecularly doped polymer featuring 3D non-equilibrium
hopping transport may be regarded as a Langevin diffusion-con-
trolled process described by the MT approach.
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