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Geminate charge pair recombination in sensitised photoconducting polymers was investigated by
means of Monte — Carlo simulations. It was found that the initial charge separation distance and the
hole recombination rate in the charge transfer (CT) complex, formed between a matrix molecule and
a sensitiser, are the main parameters determining the initial part of the recombination kinetics. By
comparing the simulation results to the experimentally observed kinetics of sensitised carba-
zolyl-containing polymers, it has been concluded that part of the charge pairs remain at the CT com-
plexes and recombine exponentially. For the rest, the holes are separated from the CT complexes and
cause much slower nonexponential decay. The time scale for the hole hopping steps was estimated to
be of the order of 10+50ps. A model of dynamical scattering of the mobile charges by sensitiser mol-
ecules at the initial stage of charge separation is suggested to explain faster recombination at high
concentration of the sensitiser.

Keywords: photogeneration; geminate recombination; sensitisation; Monte-Carlo simulation

1. INTRODUCTION

According to the present understanding of charge photogeneration in organic
sensitised photoconductors at least two steps can be distinguished in this com-
plex process. Immediately after the light quantum absorption, a bound electron —
hole pair is generated.l‘3 This step is very fast and proceeds on the subpicosec-
ond/picosecond time scale while the second step, which describes the subsequent
charge separation by overcoming the Coulomb barrier, is much slower.2*3 The
latter process is quite adequately described by the Onsager6 theory, however, the
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initial step of the charge pair photogeneration is not completely clear yet. It is
accepted that the low energy charge transfer (CT) states of the chromophore —
sensitiser complexes, responsible for the longest wavelength absorption, play an
essential role in the first step of the separation process.2 In the present under-
standing, the mean transfer distance characterising the first step is not well
defined and usually considered as a fitting parameter for describing the subse-
quent events of the charge transfer. In general, this initial electron — hole separa-
tion distance is a distribution function rather than a sharp value, due to the
disordered arrangement of the molecules in the system under consideration.

Currently there are two well-developed models describing the distribution of
initial electron — hole separation distances. (a) Photocurrent measurements’ and
results of field induced fluorescence quenching experimentss“lo are explained by
assuming fixed initial separation of several tens of Angstroms, i. e. the initial
separation distribution function is supposed to be 8(r-ry,), where ry= 30 A Asit
has been shown by Mozumder,'! a wide (either exponential or Gaussian) initial
distribution with the mean value of several tens of Angstroms provides sufficient
agreement with the experimental data of free carrier photogeneration. (b) The
other concept denies the assumption of an initial separation at larger distances
than the CT complex size, suggesting that the absorbed light quantum creates the
electron — hole pair initially separated only inside the CT complex. 12-14 The fur-
ther separation is then possible because of the disordered arrangement of the
molecules leading to a range of state energies on the neighbouring monomers for
the mobile charge (hole).'? However, the hole state energy distribution required
for this model is too broad to fit the experimental data of geminate recombina-
tion. It also does not allow to explain the observed values for the quantum yield
of free carrier generation at reasonable values of the external electric field. Thus,
to understand the possible distribution of the initial charge separation and to
define the influence of this distribution on the geminate pair recombination
(GPR) kinetics on a short time scale, the discussion of this problem based on the
Monte-Carlo approach is presented in this paper. The analysis given has been
stimulated by the experimental data of sensitised carbazolyl-containing (Cz)
compounds;2 it is, therefore, restricted to a specific range of parameters.

The GPR is related to the second step of the photogeneration process. The ini-
tial condition of the GPR process can be attributed to a set of independent charge
pairs for which the separation distances r; between the hole and the electron are
described by an initial separation distribution function ny(ry), which denotes the
probability of the charge carrier (in most cases, the hole) to be separated by the
distance r, from the opposite charge, which is localised on the sensitiser involved
in the CT complex formation. The recombination process can be divided into
two stages. The first stage corresponds to a diffusive motion of the molecular
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polaron in the polymer framework within the Coulomb attraction field of the
counter-ion and it ends by the formation of the excited CT state, corresponding to
the hole and the electron both localised on the same CT complex. The second
stage corresponds to the CT state relaxation. Thus, the recombination time is lim-
ited by the time of diffusive approach of the mobile charge to the immobile one
and by the relaxation time of the CT state. It should be noted that most of the
well developed Monte Carlo simulation models!?13.15-18 ignore that the electron
— hole recombination rate in the CT complex is finite. On the short time scale
this may become a decisive factor however.

Our consideration will focus on sensitised charge carrier generation in photo-
sensitive polymers. According to the experimental time-resolved measurements,
either the charge carrier density or the fluorescence intensity dependence on time
is well described by a power law on the long time scale. 13,15-17 guch behaviour
is attributed to a diffusive motion of a charge carriers through the disordered
molecular network.'*?2 Two types of disorder are generally accepted. The
polaron state energy disorder (diagonal disorder — DD) is caused by an inhomo-
geneous distribution of local polarisation interactions with the neighbouring
monomer units in the polymer chain, while fluctuations in the intermolecular dis-
tance and in the mutual orientation of molecules create spatial disorder (off-diag-
onal disorder — OD) which modulates transition probabilities. DD, which is
reflected in the inhomogeneous broadening of the absorption spectrum, was
obtained to be of the order of 0.1eV, in the case of poly-N-vinylcarbazole (PVCz)
polymer.23 A similar value was obtained from the measurements of thermostim-
ulated emission.>* OD has not been taken into account in most of the models
applied to this problem so far. The chain structure of the polymer branch is obvi-
ously lost in polymer films. Therefore, models based on a cubic lattice, with the
DD included, have mainly been used to describe polymer films.

The principle differences of the simulation model presented in this paper from
the Monte Carlo models used so far are the inclusion of the CT complex proper-
ties, heterogeneity of the CT states ( resulting in both initially nonseparated and
separated charge pairs), and inclusion of disorder into the simulation while
describing the GPR on the short time scale. The current paper is arranged as fol-
lows. The second section is devoted to a detailed description of the Monte Carlo
approach. In the third and fourth sections the simulation results are presented.
The third section describes the results obtained under the assumption of an infi-
nite recombination rate of the CT complex. The regular lattice model (no disor-
der) is considered firstly, which helps to understand more complex model with
DD and OD included which will be considered later. The discussion about the
influence of the sensitiser on the charge photogeneration distance and, thus, on
the recombination kinetics, is also presented. The fourth section is devoted to the
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more complex problem of the finite CT complex recombination rate. Next sec-
tion gives a survey of the presented concept of the GPR and compares the simu-
lation results with the experimental data and the last section presents the
conclusions.

2. MODEL APPROACH FOR MONTE-CARLO SIMULATION

For describing the GPR, the initial charge separation, being several orders of
magnitude faster than the recombination, may be considered as an instantaneous
event, setting the initial conditions for the GPR process: a distribution ny(ry) of
charge pairs with random separation distances r,. A single (“geminate”) charge
pair is taken into account and the interaction between the charge carriers of dif-
ferent pairs is neglected.

The recombination time of a charge pair separated by the distance rg is a sum
of the diffusion-limited charge carrier approach time and the CT state recombina-
tion (relaxation) time. The diffusive approach time is related to the mean hopping
rate k, reflecting the bulk system properties, while the CT state relaxation rate
ke is the internal property of the CT complex.

The starting arrangement of the system under consideration is a cubic lattice
framework with a lattice constant a (see Figure 1). The non-correlated OD is
taken into account by deflecting each site randomly from the original cubic lat-
tice site. As the simplest case, the deflection Ar is assumed to be distributed by a
Gaussian function with the dispersion gg 4 (the distribution function is related to
a particular cubic lattice site and the deflection is defined by
AP = Ax* + AY? + Az?) The DD accounts for the energy difference between that
of a particular site i, €;, and the mean value for all sites of the lattice. The site
energies ¢; are also supposed to be distributed by a Gaussian function with dis-
persion g2, .

In the carbazolyl based photosensitive polymers (for instance, poly-N-vinyl-
carbazole (PVCz) or poly-N-epoxypropylcarbazole (PEPCz) sensitised with trin-
itrofluorenone (TNF) or tetracyanobenzene (TCNB)) both charge carriers,
electrons and holes, are mobile: holes can move through the carbazolyl chromo-
phores while electrons move through the sensitiser molecules in the limit of high
concentration of sensitiser. Thus, two types of the sites are suggested to be
present in the lattice: hole sites (probability to find the hole site in the lattice is
denoted by pj,) for the hole transport and electron sites (the electron site probabil-
ity pcr=1 — p;,) for the electron transport. Thus, the hole sites correspond to the
native polymer chromophores, while the electron sites are attributed to the sensi-
tiser molecules. Since the sensitiser molecules are bound in the CT complexes,
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v

Spatial coordinate
b)

FIGURE | Geminate pair recombination (GPR) model. a) Disordered lattice model. Open circles
correspond to the square lattice sites; solid circles correspond to the hole sites (H- sites), while the
large sphere indicates the CT complex as one site. 7 is the hole escape rate from the CT complex, &
is the mean rate of the hole transfer between any two H sites in the regular lattice. b) GPR model in
the view of energy vs. spatial coordinate; kcrindicates the CT complex recombination rate and g7
denotes the hole energy on the CT complex

the electron sites correspond to the entire CT complexes. Thus, we denote the
hole sites as H-sites and the electron sites as CT sites.

The hole is restricted to be situated only on H sites. For the recombination
event to be taken into consideration, the hole is also allowed to jump to the CT
site if the electron is currently present at this particular CT site. Then either the
recombination may occur with the rate constant k¢, or the hole may escape from
the CT site to the rest of the volume with the rate constant 7. The recombina-
tion rate of the CT state k¢ is an intrinsic parameter of a particular chromo-
phore-senstiser complex, while the corresponding escape rate - results from
the charge hopping between the CT site and its neighbouring H site on the lattice.
The latter value is determined by the difference of the site energies (AE) for the
mobile charge situated on the CT site, g-7, and at the neighbouring H site, €,
(including the energy of Coulomb interaction.), i. €. xcr < k exp(- AE/kgT),
where T is the temperature and kp is the Boltzmann constant. According to this
model, the CT sites, that are formed as molecular complex of the electron-donat-
ing and the electron-accepting moieties, are strongly perturbed sites in compari-
son with the regular H sites and this difference is determined by the site energy
value for the hole eqr.

The total energy of the charge at a particular site depends on the distance to its
counter-charge, and on the value of the diagonal disorder of this site €;. Thus, the
energy for the hole situated on the site i is defined as follows:
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4meeg
including). The probability per unit time of the jump of the charge carrier to a
particular site depends on the energy difference between the sites under consider-
ation and the distance between them. The jump rate is assumed to be of the

where g = ,Te is the electron coordinate on the lattice (the OD also

Miller — Abrahams type:25

vi; = voexp(—2v|r; — rj|)ki; (AU) (2)
where v, is a frequency prefactor, v is a wavefunction overlap factor of particular
chromophores,

AE .

ki (AU) = 4 &P (2F) AE<O; 3
jan = {ow ) 2 <o 3

AE=E;, - E;.

Then the normalised probability of the jump i — j is given by
Pi' = Zi B (4)
Z Vim
m#£i

where the denominator accounts for all possible final sites for the charge carrier.
The time of the jump is obtained by:

€€

D_vi
1#i
where x° is a random number of the exponential distribution. The final position is
selected randomly according to the uniform random number generation, taking

into account the probabilities of all possible jumps.
The lifetime of the pair is equal to the sum of the jump times until the hole is

=

(5)

captured by the CT site, Z ti  and the CT state recombination time kop. An

3

ensemble of 10% recombination events of independent charge pairs are calcu-
lated, and, by summing up all the results, the pair density dependence on time
ng(r,r) is obtained. Geminate pair recombination Kinetics is obtained by integra-

tion of the pair density function n, (r, 1) over the spatial coordinate:
n(t) = In(,(r,t)dr The time scale of the total process is attributed to the mean hole

jump rate k in the regular lattice in the absence of the disorder (both DD and OD)
and of the sensitiser with the countercharge on it, according to the following def-
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inition: k= Z Vit Thus, the normalised (dimensionless) jump time between
I1#£i

any two H sites is defined as t; = kr; and correspondingly the mean recombina-
tion time of the CT site as Ty =k / k7. Then, the time scale turns out to be inde-
pendent of the frequency prefactor vg. Distances of the model system are

normalised to the lattice constant a while the initial number of charge pairs is
normalised to one: n(r=0) = 1.

The range of parameters used in calculations refers to those typical of PEPCz
films, sensitised with TNF,? i.e. the cubic lattice constant a= 0.68 nm is equal to
the mean distance between Cz chromophores while the permitivity of the system
is suggested to be g = 3.26 The wave function overlap parameter 2ya = 10 was
suggested to be the same as the one used by Ries and Bissler. 13

3. GPR FOR AN “INFINITE RATE” OF CT COMPLEX
RECOMBINATION

In this case the hole recombines immediately when it occupies the CT site, while
the escape probability is zero. This approach is identical to the models ignoring
the CT complexes. We start from this simplification to estimate the influence of
the initial charge separation distance and of the disorder. In the model approach,
the infinite C'T complex recombination rate corresponds to the case of k(_} =0.

Then the duration of the GPR process is determined by the diffusion limited hole
approach time to the CT site, which is dependent on the initial separation and on
the bulk system properties, i.e. on the degree of disorder.

3.1 The regular lattice approximation

As the first step of simulations, the regular lattice with neither the DD nor the
OD is considered. For comparison three types of the initial charge pair distribu-
tions are suggested: the delta function n(r) =3 (r-ryy), the Gaussian function

N 1 (7"_7']\,[)2
"9(7)—0\/%@(1) Y

> and the exponential function

M
charge pairs and &, is the width of the Gaussian distribution. In the regular lattice

r
ne(r) = P & (—a;> » where ry, is the mean separation distance of the

approximation, the distributions are assumed to be isotropic for all directions in
the lattice. The continuous space distributions determined above were adopted to
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FIGURE 2 The distribution of the electron — hole separation distance at the initial moment and at
t=11 in the case of ny(r)=n, (r) (3- type distribution), ny(r) = ng (r) (Gaussian distribution), ny(r)= n
(r) (exponential distribution). The mean initial separation distance ry= 3 was assumed in all cases
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the discrete lattice model by assuming that the hole, positioned continuously
according to such continuous functions, is shifted to occupy the nearest lattice
site. The mean separation distance in all cases of the distributions was set to be
the same and equal to ry,= 3. The initial distributions and the evolution of these
distributions in time are presented in Figure 2. It is seen that information of the
initial distribution is already lost on a relatively short time scale: at # >10 jumps
all the initial distributions become qualitatively similar.

1.0
8- type

08r gaussian

)' 3
06k exponential

nn |

0.4}
0.2}
0.0 " i . i . i . 1 .

0 10 20 30 40 50

t

FIGURE 3 GPR kinetics in the regular lattice for the three types of the initial distributions of the

charge separation for ko =0

For comparison the GPR kinetics calculated for the above mentioned initial
distributions are presented in Figure 3. Kinetics for initial charge separation dis-
tributions n,(r) and ng(r) are quite similar. There is a very slow recombination at
the initial part of the GPR kinetics resulting from the absence of electron-hole
pairs separated by the nearest — neighbour lattice site, which causes the time
interval (ca 5 jump times) needed for the diffusive approach of the hole to the CT
site. After this time lag the recombination kinetics is quite fast and during ca. 40
jump times (t ~ 40) most of the charges are lost by recombination. The rest of the
kinetics results from the slow diffusion of surviving pairs that, due to thermal
activation, were able to increase their separation distance against the Coulomb
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potential. Kinetics obtained with Gaussian and delta distributions differ only
quantitatively — the recombination starts earlier and runs more smoothly in the
case of the wide Gaussian distribution. It is evident that for wider Gaussian dis-
tributions these differences will be more distinct.

The initial distribution n,(r) leads to fast recombination at the very early times.
There are many pairs separated only by a single lattice constant, therefore, the
very initial recombination part (z < 1) is exponential with the decay time being
equal to the single-jump time. Later (for > 1), when the nearest — neighbour
pairs have already recombined or separated to larger distances, the recombina-
tion process becomes diffusion-limited with a decrease in the recombination rate.

The initial separation process is affected by the structural organisation of the
polymer environment. Because of the disordered arrangement of hole sites and
various kinds of impurities the distribution of initial separation distances is diffi-
cult to determine. Moreover, the sensitiser molecules also may be treated as
impurities due to their different electrochemical properties. For the fast initial
separation as it is assumed, an unrestricted path for the initial hole separation is
required. In the model approach, with the CT sites being some kind of impurities
(with respect to hole transport) disturbing the native polymer system, interrup-
tions of the paths of charge separation are probable and, thus, redistribution of
the mean initial separation distance ry, is to be expected by increasing the
amount of sensitisers. Thus it is impossible to obtain the ideal distributions,
treated theoretically, in the real sample as used in our case. Any kind of distribu-
tion, postulated for the ideal lattice, will be redistributed under the influence of
sensitiser molecules. The influence of the sensitiser will be explored in the sec-
tion “Disordered lattice model”.

3.2 Disordered lattice model

Both disorder effects, i.e. the DD and the OD, will consequently be taken into
consideration. At first, the case of the DD only, with no OD, will be considered.

According to Biissler,”>the width of the DD is of the order of 0.1eV for carba-
zolyl-containing films. Results of the corresponding simulation with the DD
included are shown in Figure 4a. The very initial part of the kinetics, which is
responsible for recombination of the pairs initially separated by the minimal sep-
aration distance, is weakly dependent on 6,4, The DD mainly influences the dif-
fusive motion of the charge carrier (the wider disorder slows down the
recombination kinetics, see Figure 3 or Figure 46 for comparison).

The OD accounts for the differences in distances between molecules and in
their orientations resulting in different charge transfer rates. As it is shown in
Figure 45, the OD mainly influences the initial part of the kinetics. The OD
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FIGURE 4 GPR kinetics for the exponential and 8 — type initial distributions of the charge separation

distance in the diagonally («) and off-diagonally (b) disordered lattice for kng

reflects the distribution of the jump rates and is responsible for the nonexponenti-
ality of the initial recombination where the nearest neighbour recombination pre-
vails, if one considers the exponential distribution of the initial electron — hole
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separation. In absence of OD, the recombination rate for all nearest-neighbour
pairs is the same. However, in presence of OD the recombination rate of some of
the nearest-neighbour pairs is increased, while it may be decreased for the other
pairs. The very initial part of recombination kinetics resembles the fastest events
of the recombination process. Therefore, the disorder speeds up the recombina-
tion rate at the very initial time and slows down this rate slightly later. However,
the influence of OD on the kinetics is less important than influence of DD while
concerning the delta function distribution of the initial separation due to the
absence of the nearest-neighbour pairs at the initial moment.

There are only a few studies of the OD effects on the charge transport proper-
ties. Biissler?’ has concluded that the relative width of the wave functions over-
lap distribution hardly exceeds 0.3. Thus, it is expected that the OD has a minor
effect on the yield of free charge carriers since the OD affects only the recombi-
nation of charge pairs initially separated by relatively small distances (by one or
two lattice constants), where they have no chances to survive and to be totally
separated.

The qualitative shape (either the initial flat part obtained for the delta function
distribution of the initial separation, or the exponenial decay obtained for the
exponential distribution including the slow tail in the long times) of the GPR
kinetic curve turns out to be independent of the intrinsic disorder of the lattice
framework, therefore the initial electron — hole separation distribution ny(r) is a
decisive factor on the short time scale.

However, as indicated above, the initial electron — hole separation distribution
ny(r) depends on the concentration of the sensitiser. On this basis it was
suggested28 that the mean separation distance ry, can be reduced by sensitiser
molecules acting as scattering centres. Here we will demonstrate how this scat-
tering process may affect the distribution of the initial separation distances.

By modelling the reduction in the hole separation distance caused by the CT
sites the following assumptions on the pair separation process are suggested. On
the basis of the ballistic pair separation model it is supposed that during its sepa-
ration a hole moves against the Coulomb potential until it loses its kinetic energy
and becomes localised at a particular distance ry from a sensitiser molecule.
Afterwards a polaron is formed and, thus, the subsequent hole dynamics is well
described by a stochastic hopping model. Since the sensitiser molecules have
higher electron affinity and holes cannot jump on them, they perturb the hole
motion in the initial stage of charge separation. Therefore, it is assumed that the
hole is scattered elastically by the CT sites, i.e. the direction of hole transfer is
changed randomly if the CT site happens to be on the way of the initial transfer.
Upon modelling this initial hole separation, the duration of this process is not
considered, because the recombination proceeds on a time scale which is by a
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FIGURE 5 The distribution of the electron — hole separation distance and its evolution in time with
the charge scattering effect included. Initial distribution in the low limit of sensitiser concentration

ngr) =n, (1); 6,,= 0.3, p=2, kar =0
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few orders larger than the initial separation time. The scattering efficiency is
described by a scattering radius p,, which is a single scattering parameter. The
number of scattering events until the polaron formation is determined by the
number of scattering centres (pc7), and by the scattering radius p,.

Figure 5 demonstrates the influence of the scattering effect on the shape of the
initial separation distribution function as the number of the CT sites increases.
An exponential distribution function assumed for initial separation distances>’
due to a multiple scattering of the mobile charge (hole) transforms into a Gaus-
sian with the mean charge separation distance sensitive to the concentration of
sensitisers. The mean initial separation distance r), is reduced from 5 to 2.28 of
the lattice constants as the poris increased from 0.005 to 0.3. Figure 6 shows the

effect of these changes on the GPR kinetics.

1.0

c%i-Oj
0.8 cz=(104eV
06} p__=0.005
0.4}
0.2F
o.o " 1 " i A L " 1 "

0 10 20 30 40 50

FIGURE 6 GPR kinetics with the charge scattering effect included. Initial distribution in the low

fimit of sensitiser concentration ng(r)= n, (r); 844= 0.04eV, 8,,= 0.3, p=2, k7). =0

The presented model also indicates that the multiple scattering, a Markovian
process, produces the final Gaussian-like distribution, irrespective of the initial
shape of hole distribution at a high concentration of sensitiser. Thus, the assump-
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tion of Gaussian or even delta-type initial distributions, with the mean separation
distance exceeding the extension of the CT complex, may be validated by taking
into account multiple scattering of the hole by the sensitiser molecules valid,
however, only in the limit of high sensitiser concentration.

Thus, the dependence of the GPR kinetics on the sensitiser concentration can
be understood resulting from the elastic scattering of the initial movement of the
hole, leading to a redistribution of the initial hole separation distance. The set of
parameters used to simulate the GPR presented in Figure 6 provides a reasonable
value of the yield of free carriers in the presence of the external electric field giv-
ing ~0.1 at p~7=0.005 and at 5.10° V/ecm, which is of the same order as the
experimentally obtained values.’%3! However, the CT complex properties — CT
complex recombination and escape rates — must be taken into account to com-
pare the simulation results to the experimentally observed ones on the picosec-
ond time scale.

4. GPR IN THE CASE OF A “FINITE RATE” OF CT COMPLEX
RECOMBINATION

The relaxation rate ko7 is the intrinsic parameter of the CT state, as well as, the
escape rate of the hole from the CT state y 7, which is related to the difference in
the state energies AE for the hole situated on the CT complex (e-7) and that on a
neighbouring chromophore. In the case of a low g7 value in comparison with
the neighbouring site energies, when |AE|> kT, the escape of the hole from the
CT site is inconceivable. For the opposite situation corresponding to g7 large in
comparison with that of the neighbouring sites and [AE| < kT, the competition
between the rates k- and k determines the GPR.

A characteristic distance between the polymer chromophore and the sensitiser
molecule in the CT complex for the carbazolyl — containing polymers is rore
3.5A, while the lattice constant is two times larger. Rough estimation of the hole
energy at the CT site: 0= g/rcr, yielding AE= 0.7eV in the regular lattice. In
this case, the Boltzmann prefactor in eq. 2 is of the order 10~3at room tempera-
ture, making hole escape impossible on a short time scale. Thus, when the initial
hole transfer across a large distance is ignored, the hole density dependence on
time evidently foilows the exponential decay function: n(f)~ exp(-kc7t). To
obtain the nonexponential decay as well as the dependece on po7, an initial
charge separation over a larger distance (ry,> a) has to be assumed.

The simulation results for the dependence of the recombination kinetics on the
initial separation distance ry are presented in Figure 7. It is evident that the kinet-
ics turn out to be independent of the CT complex recombination rate k- by
increasing the mean initial separation distance ry;, when the diffusion limited
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FIGURE 7 GPR kinetics for the different initial separation distances for the CT site recombination
rate kcg= k (solid line) and k¢7=k/3 (dashed line). Initial distribution ny(r) = n(r)

approach time becomes dominating. In general, the diffusion limited recombina-
tion process is governed by the time — displacement relation: 15 ~rMD , where D is
the dimension of the random walk, while the CT complex recombination time:
tR~kCT_I . Thus, the recombination process is independent of the recombination
rate when ry> C ke~ VP (C is some numerical value). Therefore, the initial sepa-
ration distance is a decisive parameter for recombination of the initially sepa-
rated charge pairs across large distances. Moreover, as revealed by the Onsager
theory, the quantum yield of free charge carriers is also determined by the mean
value of the separation distance ry;. The conclusion drawn from these assump-
tions (x¢or <€ kep) is the following: only initially separated pairs may give an
input into the photocurrent and, thus, the initial separation distance has to be a
dominating parameter for describing the recombination and free charge genera-
tion processes.

5. DISCUSSION AND COMPARISON TO THE EXPERIMENT

Results of the Monte Carlo simulations presented above point out the sensitivity
of the GPR kinetics to the initial distribution of the electron — hole separation. A
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suggestion of the Gaussian or delta-type distribution can be substantiated by the
auto-ionisation and/or ballistic charge separation models.*>-3? According to this
approach, the excess energy gained from the relaxation during the auto-ionisa-
tion of the excited molecule stimulates the mobile charge (the electron or the
hole) to sweep away from the generation centre. Thus, a charge pair separated by
a particular thermalization distance is created. However, according to the experi-
mental results obtained in PEPCz2 (as well as in other polymeric photoconduc-
tors) the charge separation may be initiated by a low energy quantum of visible
light under the excitation of the lowest intermolecular CT states. Thus, the model
of the auto-ionisation with a subsequent thermalization as it was mentioned in
the Introduction cannot be adequately applied in this case, and as a result the dis-
tribution of the charge pair separation distance is hardly predictable a priori.
However, in the limit of high sensitiser concentration due to multiple scattering
of the hole by the sensitiser molecules, the Gaussian distribution becomes a reli-
able assumption.

Since the initial distribution changes on the nanosecond time scale and only
those charge pairs that survive for a long time can be totally separated in to free
charge carriers which can contribute to the photocurrent, the photocurrent results
have to be rather insensitive to a particular shape of the initial charge pair distri-
bution. On the other hand, the GPR dynamics gives more information on the ini-
tial separation of the charge pairs. The fast initial recombination is to be
attributed to those charge pairs, which are not separated initially, i.e. to those
holes which remain on the CT complexes. Thus, the initial distribution may be
represented as a sum of two distribution functions with the peaks corresponding
to two different processes: the charge pair separation by short distance rqr and
by large distance ry>a. In the other case, by assuming that initially charge pairs
are created only within the CT complexes, gqr has to be postulated to compen-
sate the Coulomb energy so that y 7 is comparable to k. But that is hardly possi-
ble due to a strong Coulomb attraction by the electron.

Comparison to the experiment

The course of the experimental kinetics in PEPCz sensitised with TNF are pre-
sented in Figure 8. The initial fast recombination and slow tail in the long times
reveal the involvement of both separation processes mentioned above. Thus, the
initial electron — hole separation distribution can be determined as: n,(r)=A £(r)
+Af(r), where A4, denotes the “fast” amplitude, and A corresponds to the “slow”
amplitude; function f(r) is some distribution function, which has to fulfil the fol-
lowing additional conditions: f(0) = f(ec) =0. A reasonable shape of the GPR
curve can be easily achieved by assuming the simplest approximation of the ini-
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FIGURE 8 Experimental kinetics of the induced absorbance in the PEPCz film sensitized with the
different concentrations of TNF (points) and the simulation results (solid lines) by using the initial

hole distribution function ny(r) =A;8(r) +AS(r- ry) with the parameters k‘,(vjplr = 150 ps,
644 =0.09V, 5,,=03,A;=0.3,A,=0.7 and: (a) K= 10 ps, ryy =37, 2.9 and 2.2, for peg = 0.005,
0.05 and 0.3, respectively. (b) k=50 ps. ry=2.6, 1.9 and 1.4, for peyp=0.005, 0.05 and 0.3,

respectively
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tial electron — hole separation distribution: ny(r)= (1 ~ 1) 8(r)+nd(r-rys), where
1 is the yield of charge pairs separated by rp>1, as it was already demonstrated.?3
It is evident that this initial distribution is not unique. Similar results may be
obtained by assuming different distribution function f(r) for different amplitudes
A, The density of the CT sites influences only processes that are extended over
large distances, therefore, the recombination kinetics dependence on the number
of the CT sites may be modelled by taking into account scattering of the hole or
phenomenologically modifying the function £(r).28 Thus, the initial separation of
charge pairs is required for explanation of the GPR kinetics, while, the shape of
the function f(r) remains hidden by using only the Monte Carlo simulations,
expressing only the mean separation distance ry,.

The simulations presented above were carried out by using dimensionless time
and space coordinates, thus, for quantitative description of the experimental
kinetics (see, for instance Figure 8) the dimensional scales for both variables
have to be taken into consideration. The time scale used in our calculations is
related to the rate of the hole jumps & in the regular lattice, and the spatial scale
was normalised to the lattice constant a, correspondingly. According to Eq. 2,
both these scaling factors are not totally independent of each other. Indeed, the
rate of the charge transfer between two “nearest neighbours” in the regular lattice

vp1 = vp exp(—2~va) (6)

contains the spatial scaling factor which determines the strength of the exponen-
tial overlap of the wavefunctions of the electron on the corresponding molecules.
For estimations, the frequency factor can be set to be the mean vibration fre-
quency according to consideration of the adiabatic transition for small polar-
ons.?33* Thus, typical values of v are of the order of 1013 57! The exponential
factor is also not well defined, therefore, an error in estimating this value can be
compensated by applying a correction for the frequency factor. It is evident that
due to this exponential factor the hopping rate of the charge between the nearest
neighbours (vy) in the regular lattice is several orders of magnitude smaller than
the frequency factor v, leading to an estimation k>10'" s1. Moreover, the space
scaling parameter determines the scale of the Coulomb energy (see Eq. 1), how-
ever, this scaling factor can be relatively well defined for various structures as a
mean interpigment distance in comparison with estimation of the temporal scal-
ing factor.

According to the qualitative analysis of the GPR kinetics presented above the
required kinetics at experimentally determined disorder values may be obtained
using the initial distribution of the form: ny(r) = A5 (r) +AS(r = rpp). Ampli-
tudes Ay and A, as well as the CT complex relaxation rate k-r are obtained by fit-
ting the experimental data of the GPR kinetics on the short time scale,”?8 while
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the long time kinetics results from the diffusion approach of more distant sepa-
rated charge pairs. This part of the kinetics is sensitive to an actual time scale, k-,
as well as to the mean value of the separation distance ry. As it is shown in
Figure 8, the faster the hopping rate of the charge, the larger is the initial charge
separation needed for a good fit with experimental data. By assuming the mean
value of the initial separation to be close to that obtained from the photocurrent
measurements (~30 A), the GPR kinetics at the low concentration of the sensi-
tiser as shown in Figure 8 is well described by the following rate scaling parame-
ters: k' =50 psat ;=26 a=18 A and k™' = 10 ps at ry= 3.7 a = 25A, while
kElT = 150 ps was taken in both cases. For the cubic lattice, the hopping rate of
the charge between nearest neighbours can be estimated as vy =& / 6, giving
u&ll = 60 ps and 300 ps for k™' =10 ps and 50 ps, respectively. The recombina-
tion kinetics corresponding to the higher concentrations of the sensitiser are
modelled by reducing the mean separation distance of the initially separated
holes, while the other parameters remain unchanged. It may be explained by the
scattering mechanism presented in the section “Disordered lattice model”.

7. CONCLUDING REMARKS

The Monte Carlo simulation model presented in this paper extends the previous
scope of GPR simulations. The simulation models used so far' %1313 18a5sume
one special site of the lattice to be occupied by the electron. The recombination
event is counted when the hole jumps to this site from any neighbouring lattice
site in accord with the regular hopping process. However, the CT complex is
formed by a sensitiser (where the electron is actually localised) and a particular
chromophore being in close contact with the sensitiser. Therefore, the CT com-
plex as a whole with its own recombination rate is included into the lattice frame-
work. Thus, the current model, used in this paper, is more generalised in the
sense that it allows the CT complex properties to be included, and it turns into
the commonly used Monte Carlo simulation models by assuming the infinite
recombination rate of the CT complex. Moreover, the influence of sensitiser is
modelled by assuming the elastic scattering of the hole during the initial separa-
tion process. The model of course does not include all peculiarities of the real
polymer film. The list of the main approximations is outlined below.

Firstly, a particular polymer is not a crystal solid, while the model approach
was based on the cubic lattice framework. The additionally included off-diagonal
disorder, however, takes into account the randomness of the media, while the
Gaussian distribution of the deflections from the cubic lattice sites might be an
obvious oversimplification. A more correct approach seems to be the model
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based on the correlated random set of spheres (molecules and/or chromophores)
in a particular volume. The correlative and percolation peculiarities are supposed
to modify the charge carrier motion and, therefore, the time behaviour can
slightly differ from those obtained here.

Secondly, the diagonal disorder does not depend on the coordinate (x,y,z) in
the model under consideration. Due to the randomness of the density of the mat-
ter, the width of the diagonal disorder should differ in the vicinity of the sensi-
tiser. Moreover, for the subset of the electron hopping sites (the sensitiser
molecules) the disorder type and the corresponding width are unclear. The deep
trapping sites, that may be present because of the additional impurities, are also
not taken into account.

The following conclusion may be drawn from the simulations and the analysis
presented above:

i) The diagonal (site energy) disorder was found to be an important factor,
influencing the GPR kinetics as a reduction factor of the recombination rate
on the long time scale. On the other hand, the off-diagonal (positional) disor-
der enhances the recombination rate at the very initial times, corresponding to
the charge pair recombination separated at short distances (by one or two lat-
tice constants) and has almost no influence on the long times. However, qual-
itatively the shape of the kinetics is mainly determined by the initial
distribution of the electron — hole separation.

ii) The exponential distribution of the initial electron — hole separation was
found to give a qualitative agreement between the simulated and experimen-
tal GPR kinetics under the assumption of an infinitely fast recombination of
the charges in the sensitiser-carbazolyl complex. A more general approach is
based on the assumption of a finite recombination rate in the CT state and on
the following initial distribution: n(r)=A f6(r)+A S(r). The experimental
kinetics may be obtained by assuming f(r) = 8 (r — ry), where ry, is the mean
long-range separation distance.

iii} Despite the fact that the exact shape of distribution function f(r) cannot
be determined from the fitting of the GPR kinetics, the kinetic analysis allows
us to determine the charge hopping rate in the lattice framework by introduc-
ing an initial charge separation mean value as obtained from other experi-
ments (i.e. photocurrent data).

iv) The gradual increase in the recombination rate by increasing the concen-
tration of the sensitiser is explained by assuming that sensitiser molecules are
the hole scattering centres reducing the initial pair separation distance and
thus modifying the initial distribution of separation distance n(r). The initial
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charge separation over several lattice constants is a necessary condition to
explain the effect of sensitiser concentration.
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