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b Department of Atomic Physics and Luminescence, Faculty of Applied Physics and Mathematics, Gdańsk University of Technology, Narutowicza 11/12, 80-233 Gdańsk, Poland
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We have studied the electric field dependence of charge photogeneration efficiency in organic solids for
various radial distribution functions (Dirac delta, Gaussian, exponential) of initial e–h pairs in the frame-
work of Sano–Tachiya–Noolandi–Hong (STNH) theory assuming that the final recombination (capture
reaction) proceeds on a sphere of finite radius (a) with a finite velocity (j). We compare the STNH results
with the conventional Onsager theory assuming a = 0. We show that charge photogeneration is more
enhanced, especially in low-electric field range, for broader initial pair distributions and for smaller final
recombination velocities. We compare theoretical results with experimental data taken from electromod-
ulation of photoluminescence (EML) for two archetypical organic photoconductors, Alq3 and Ir(ppy)3,
commonly used as emitters in organic LEDs. From analysis of our results we infer the lower limit of final
recombination velocity, j = 0.2–2 cm/s, in vacuum evaporated films of Alq3 and Ir(ppy)3 which compares
favorably with an evaluation of this quantity in amorphous solids.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Absorption of light in organic solids leads to creation of excited
states (excitons) which may dissociate to form free charge carriers.
Taking into account a large Coulombic interaction radius (rC >
10 nm) in these low mobility materials the charge photogeneration
is commonly assumed to proceed via an intermediate state of
bound electron–hole pairs (geminate e–h pairs or CT states) in
which electron and hole, attracted to each other by the Coulomb
forces, are separated to a distance (r0) of one or several lattice
constants [1,2]. The schematic diagram in Fig. 1 concerns exciton
dissociation and photogeneration of charge carriers when optical
excitation occurs in the spectral range of singlet exciton transition
in a typical fluorescent organic photoconductor. It is assumed that
a hot Franck–Condon molecular exciton state S⁄ after its autoion-
ization dissipates its excess energy by scattering with the medium
and decays to a thermalized bound (e–h) pair or – via internal con-
version and vibrational relaxation – reaches the emissive relaxed
exciton S1 state. This state in turn undergoes the non-radiative or
radiative (fluorescence) decay to the ground S0 state. The (e–h) pair
dissociates to free charge carriers with probability X (escape
probability) or – as a result of geminate recombination (with R
ll rights reserved.
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probability) re-generates the S1 state. According to this scheme,
the efficiency of charge photogeneration can be expressed as

g ¼ g0X; ð1Þ

where g0 is the primary yield of geminate pair formation. In most
widely used models of charge photogeneration premised on Onsag-
er [3–5] and Poole–Frenkel (PF) [6,7] theories of geminate recombi-
nation it is assumed that g0 is independent of electric field and
electric field dependence of escape probability X controls charge
photogeneration process [1,2].

Thus, the electric field applied to the sample, by increasing the
escape probability X of (e–h) pairs, leads to the increase in free car-
rier production and to the decrease in concentration of S1 excitons.
This is experimentally observed as photocurrent and electric-field-
assisted quenching of photoluminescence, respectively. Accord-
ingly, two methods are available to investigate the mechanism of
exciton dissociation and carrier photogeneration: the measure-
ment of photocurrent and measurement of photoluminescence in
presence of electric field. However, the interpretation of experi-
mental outcomes obtained by the first technique is somehow diffi-
cult. In particular, one has to consider some processes affecting the
charge carrier transport (e.g. charge trapping and dependence of
carrier mobility on electric field strength) as well as the near-elec-
trode processes (optical charge injection). The second method,
electromodulated photoluminescence (EML), enables to investi-
gate in a more direct manner dissociation of excitons and charge
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Fig. 1. Schematic diagram of energy levels and photophysical processes involved in
photogeneration of charge in a typical organic photoconductor.
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separation mechanism in organic solids (for surveys of literature
on this subject see references [8–10]).

In some different from Onsager and PF approaches the field
dependence of primary quantum yield, g0, is also taken into ac-
count (see for example references [10,11]). The validity of the basic
assumption of the Onsager and PF theories that the g0 is electric
field independent has been widely discussed recently by Arkhipov
and Bässler [10] in their comparative study of charge photogener-
ation in conjugated polymers. This question was also considered in
the context of classical Marcus theory of electron transfer [12,13].
According to this reasoning, in single component molecular
systems this assumption is not generally fulfilled, in particular, if
exciton dissociation starts not from hot exciton S⁄ state as assumed
in Fig. 1 but rather from relaxed S1 state implying the formation of
e–h pair to be electric field dependent.

The classical treatment of e–h separation process by Onsager
[3–5] and Sano–Tachiya–Noolandi–Hong (STNH) [14,15], based
on solving the Smoluchowski equation, refers to the Brownian ran-
dom walk of an ion pair in the continuous medium in the presence
of an applied electric field. In the STNH model the final geminate
recombination step (carrier capture) proceeds on a sphere of finite
radius (a) with a finite velocity (j). The commonly used Onsager
theory based on his paper [5] is a special case of a more general
STNH treatment for a = 0.

In this paper we have studied the electric field dependence of
the overall quantum efficiency of charge photogeneration (g) for
various distribution functions (Dirac delta, Gaussian, exponential)
of the initial distances of e–h pairs in the framework of Sano–Tach-
iya–Noolandi–Hong model [14,15]. Our approach is essentially
very similar to that previously presented by Pan and Haarer [16]
with an exception that instead of the conventional Onsager theory
the more general STNH theory is applied in our case. We compare
our theoretical results with experimental data obtained by EML
method for two archetypical organic photoconductors, Alq3

[17,18] and Ir(ppy)3 [19], commonly used as emitters in organic
light-emitting diodes [20]. We predict the lower limit of final
recombination velocity (quenching velocity), j = 0.2–2 cm/s, in
vacuum evaporated layers of Alq3 and Ir(ppy)3 which is in good
accordance with an evaluation of this quantity in amorphous solids
[21,22].

2. Sano–Tachiya–Noolandi–Hong (STNH) and Onsager theory

The escape probability X is defined as the probability for the
escape of a charge carrier from its parent countercharge. To deter-
mine the escape probability Onsager [3–5] and Sano–Tachiya–
Noolandi–Hong [14,15] solved the time-independent diffusion
(Smoluchowski) equation

divj ¼ Gdðr� r0Þ; ð2Þ
jðrÞ ¼ �D expð�WÞgrad½expðWÞq�: ð3Þ

Here, r denotes the position of the carrier relative to the counter-
charge, q(r|r0) – the pair distribution function assuming an initial
separation r0 between particles, G – generation rate of initial pairs,
j – the current density, D – the relative diffusion coefficient
(D = D1 + D2). Under the joint influence of external electric field E
and Coulombic electric field of the countercharge the potential
energy, divided by kBT, is given by

WðrÞ ¼ � rC

r
þ 2Fl r

rC

� �
; ð4Þ

where

rC ¼
e2

4pe0erkBT
ð5Þ

is Coulomb interaction (Onsager) radius at which the electron–hole
potential energy equals to carrier thermal energy kBT, and

F ¼ eErC

2kBT
ð6Þ

is a dimensionless quantity which gives a measure of the external
electric field. Here, e is the magnitude of elementary charge, e0er is
the electric permittivity of the medium, kB is the Boltzmann con-
stant and T is the absolute temperature. A frame of reference was
chosen such that a drift velocity of the carrier is directed along
the positive z axis, so that l = cosH with H being the angle between
the radius vector and the z axis. In the STNH approach [14,15] the
diffusion Eq. (2) is subject to the following boundary conditions:

lim
r!1

qðrjr0Þ ¼ 0; ð7Þ

jr ¼ �jq for r ¼ a; ð8Þ

where jr is the radial component of the current density. The bound-
ary condition (8) corresponds to a finite surface recombination
velocity j on a sphere of radius a. If the charge pair is initially posi-
tioned at (r0,H0) the escape probability is then given by

Xðr0;H0Þ ¼ 1þ 2pa2G�1
Z 1

�1
dljrða;lÞ: ð9Þ

After Onsager [3–5], in solving for X one can bypass the solution for
q(r|r0) and obtain the escape probability directly from the equation,

div0½expð�Wðr0ÞÞgrad0Xðr0Þ� ¼ 0; ð10Þ

which is adjoint to Smoluchowski Eq. (2). Now, the boundary con-
ditions, relevant to the escape probability X, expressed in terms
of r0 become

Xðr0 ¼ 1Þ ¼ 1; ð11Þ

D
@X
@r0
¼ jX for r0 ¼ a ð12Þ

Eq. (10), together with the boundary conditions (11) and (12), gives
a general method for calculating the escape probability in diffusion
(D) and final recombination (j) controlled e–h separation process.
The exact solution for X derived by Noolandi and Hong [15] and
independently in a more comprehensive manner by Sano and Tach-
iya [14] involves fairly tedious and time-consuming mathematical
manipulations, and therefore a special solution of Eq. (10) for
a = 0 given by Onsager [5] is usually applied to describe charge
photogeneration in organic solids [1,2].

3. Numerical procedures

The initial intrapair separation r0 may statistically follow a cer-
tain spatial distribution function. From now on, we will drop the
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subscript from r0, and denote the initial separation by r. If g(r,H)
represents the initial distribution of pair separations, the averaged
escape probability can be obtained by integration,

X ¼ g
g0
¼
Z

Xðr;HÞgðr;HÞds; ð13Þ

where ds is the volume element. In the present paper we have used
the following isotropic distribution functions:

gðr; hÞ ¼ 1
4pr2 dðr � r0Þ; ð14Þ

gðr; hÞ ¼ g0 exp �ðr � r0Þ2

b2

 !
; ð15Þ

gðr; hÞ ¼ g0 exp � jr � r0j
b

� �
; ð16Þ

where r0 is the mean intrapair distance, b is the width of the distri-
bution and g0 is the relevant normalization factor. The expressions
for escape probability X(r,H) are as follows.

In the Onsager approach [5]:

Xðr;HÞ ¼ expð�AÞ expð�BÞ
X1
n¼0

X1
m¼0

Am

m!

Bmþn

ðmþ nÞ! ; ð17Þ

where

A ¼ rC

r0
; B ¼ Fr0

rC
ð1þ lÞ: ð18Þ

In the STNH approach [14,15],

Xðr;HÞ ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffi

rC

2r

� �r
exp

Wðr;HÞ
2

� �X1
l¼0

blZ
2
l

2r
rc

� �
TlðHÞ: ð19Þ

Here Z2
l stands for the Z special function of the second kind of l order

which can be expressed as a relevant linear combination of Bessel
functions [15] and Tl is the generalized Legendre function of l order
defined and investigated by Onsager [4]. The calculation of bl coef-
ficients and evaluation of special functions were performed using
standard numerical procedures [23]. In particular, solving a set of
corresponding linear equations was realized by Jacobi method [24].

The basic features of the models and their symbols used in the
present paper are collected in Table 1. The analytical expressions
for averaged escape probability X(F) are available for models
assuming an initial pair distribution in the form of the Dirac delta
function, designated here as Ons38-Dirac and STNH-Dirac. The
well-known formula for X(F) based on Ons38-Dirac model [5,25]
is given by
Table 1
Theoretical models of geminate recombination and their symbols used in the present
paper.

Model Final
recombination
sphere radius

Initial pair distribution
function

Symbol

Onsager model 1938
[5]

a = 0 gðr; hÞ ¼ 1
4pr2 dðr � r0Þ Ons38-

Dirac

gðr; hÞ ¼ g0 expð� r2

b2Þ Ons38-
Gauss0

Sano–Tachiya–
Noolandi–Hong
(STNH) model
[14,15]

a > 0 gðr; hÞ ¼ 1
4pr2 dðr � r0Þ STNH-

Dirac

gðr; hÞ ¼ g0 exp � ðr�r0Þ2

b2

� �
STNH-
Gauss

gðr; hÞ ¼ g0 exp � jr�r0 j
b

� �
STNH-
Exp
XOnsðFÞ ¼ 1� rC

2r0F

X1
m¼1

P m;
rC

r0

� �
P m;

2r0F
rC

� �
ð20Þ

where P(m, x) is the incomplete gamma function of integral order m.
The analytical expression for averaged escape probability X(F)

in the framework of STNH-Dirac model was derived by Wójcik
and Tachiya [26]:

XNHðFÞ ¼ 1� rC

r0

1ffiffiffiffiffiffiffi
2p
p

X1
l¼0

al;0blZ
2
l

2r0

rC

� �
Z2

l
rC

Fr0

� �
; ð21Þ

where al,0 are coefficients determined by Onsager Tl functions ex-
panded into series of Legendre polynomials.

We have calculated the electric field characteristics of averaged
escape probability X(F) according to formula (13) and some exem-
plary plots are displayed in Figs. 2–4. The upper horizontal axes in
these figures are scaled in V/cm assuming dielectric constant er = 3
and T = 298 K.

Fig. 2 concerns conventional Onsager theory which assumes
that geminate pairs recombine on a sphere of vanishing radius
(a = 0). In the upper part of this figure electric field dependence
of X is displayed: in Fig. 2a – for a Dirac delta initial pair distribu-
tion centered at various r0 (Ons38-Dirac), and, in Fig. 2c – for a
Gaussian pair distribution centered at r0 = 0 with various b widths
(Ons38-Gauss0). At the bottom (Fig. 2b and d) the field dependence
of the ratio of escape probabilities with and without electric field,
X(F)/X(0), is plotted for the same model parameters as in the
upper part of the figure. The main message from this figure is as
follows. If distribution function of initial e–h pairs approaches
the Dirac delta function, d(r � r0), and the mean intrapair distance
goes to zero, r0 ? 0, then, the ratio, X(F)/X(0), approaches to the
value calculated according to Eq. (22),

lim
r0!0

XOnsðFÞ
XOnsð0Þ

¼ 2I1ðuÞ
u

; ð22Þ

where u ¼ 2
ffiffiffiffiffiffi
2F
p

and I1(u) is a modified Bessel function of the first
kind of the first order. In particular, we can see in Fig. 2d that the
relevant curves calculated according to Ons38-Gauss0 model ap-
proach those predicted by Eq. (22) when the Gaussian distribution
width goes to zero, b ? 0, which implies that the Gaussian function
reduces to the Dirac delta function. The Eq. (22) can be derived from
the expansions of XOns(F) for small r0 given by Onsager (see Eq. (12)
in Onsager paper [5]), Pai and Enck (see Eq. (19) in Ref. [27]), or
more explicitly by Que [28] who expanded XOns(F) in terms of mod-
ified Bessel functions (see Eq. (7) in Ref. [28]). Interestingly, the
value predicted by Eq. (22) coincides with that derived by Onsager
in his earlier paper [3] from 1934 year (Onsager model designated
here as Ons34) for relative increase of the dissociation constant in
weak electrolytes,

KðFÞ
Kð0Þ ¼

2J1ðiuÞ
iu

¼ 2I1ðuÞ
u

; ð23Þ

where J1 is a Bessel function of the first order. It is worth to note
here that Ons34 formula (23) concerns with bulk process in which
there is a large number of ions and molecules in contrast to gemi-
nate process in which there is a single Brownian ion pair. In the
Ons34 model the bulk separation of bound ion pairs (molecules)
into free ions of opposite sign is assumed to be in equilibrium with
the bulk recombination (assumed to be Langevin type and indepen-
dent of electric field) of ions into molecules. The agreement of
Ons38 formula (22) for geminate pair separation process (with
r0 ? 0) with the Ons34 formula (23) for bulk separation process
was recognized years ago by Geacintov and Pope [29] (see also
Ref. [1] page 488 and Refs. [30,31]). However, this coincidence
seems to be not fully understood yet (see also [32]) because Onsag-
er missed mathematical details in his derivation of the formula (23).



Fig. 2. Top: the dependence of averaged escape probability X on electric field calculated according to the Ons38-Dirac (a) and the Ons38-Gauss0 models (c) with various
values of model parameters as indicated in the figure. Bottom: the dependence of the ratio, X(F)/X(0), on electric field (b, d) obtained for the same models as displayed in the
upper parts of the figure. For comparison the plots based on the Eq. (22) in Fig. 2b (r0 = 0) and Fig. 2d (b = 0) are also displayed.
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As Pope and Swenberg stated in their monumental monograph on
electronic processes in organic solids [1], ‘‘this behaviour (i.e. coin-
cidence of the formulas (22) and (23)) is to be expected since the
diminishing thermalization distance (i.e. r0) brings the ejection
pattern into coincidence with the ejection pattern produced by
thermal (here bulk) dissociation’’.

Following Braun [33], the formula (22), due to its simplicity, is
frequently used (sometimes called Braun model formula) to calcu-
late the electric field-induced increase in dissociation probability
of charge pairs in organic systems [34–40], in particular in OLEDs
[35] and organic solar cells [36–40]. Braun’s approach to geminate
dissociation/recombination of e–h pairs is critically analyzed in
Ref. [26] where the wrong assumptions of the Braun model are
recognized. The main conclusion of this reasoning is that the prop-
er and consistent description of geminate dissociation/recombina-
tion of e–h pairs can be accomplished only on the grounds of the
STNH model.

In Fig. 3 the effect of the width b of a Gaussian distribution
(Fig. 3a) and exponential distribution (Fig. 3b) on escape probabil-
ity in the framework of STNH theory is investigated. Calculations
were performed assuming initial pair distributions centred at
r0 = 0.1rC and the following values of the final recombination
parameters: a = 0.04rC and jrC/D = 0.001 (for typical values of r0

and rC in organic solids see Section 4). For either types of distribu-
tion, the wider the initial pair distribution, the larger escape prob-
ability; the effect is more remarkably seen in a low-field range.
From another point of view as the width of distribution decreases
to zero, the escape probability approaches the STNH-Dirac limit
obtained with a distribution function in the form of the Dirac delta
function. Recalling that the distribution width is a measure of the
disorder of the system, we therefore state, that the disorder favours
charge pair dissociation which was previously concluded by Pan
and Haarer [16] on the ground of the Onsager theory.

The evident difference between STNH and Onsager theory based
results can be recognized in Fig. 4 where the influence of final
recombination parameters, a and j, on charge pair dissociation is
presented. All calculations were performed assuming a Dirac delta
distribution of initial e–h pairs with r0 = 0.1rC (STNH-Dirac model).
The smaller values of quenching (capture) velocity j, the larger
escape probability, the effect is more remarkably seen in a low-
field range and for larger radii a of final recombination sphere
which is in full agreement with recently obtained results in Ref.
[26]. Comparing Figs. 3 and 4 we therefore conclude that not only
disorder but also a slow rate of final recombination step can be in
favour of charge pair separation. This conclusion is not trivial since
electric field characteristics of escape probability are modified in a
very similar way in either case. The quantitative analysis of the ef-
fect should take into account this ambiguity. Obviously, for faster
final recombination proceeding on a sphere of small radius, the
escape probability calculated according to the STNH-Dirac model
approaches the Ons38-Dirac limit (solid lines in Fig. 4). However,
we should indicate here that Noolandi–Hong statement [15] that
Onsager model with a = 0 requires also j =1 is incorrect. Onsager
assumed only that the electron and hole do recombine when they
approach zero distance (a = 0). For a zero distance, electron–hole
Coulomb potential energy barrier is infinitely high and the electron
cannot escape from the hole and is bound to recombine with the
hole, irrespective of the value of the final recombination velocity
j. Therefore, the Onsager model corresponds to just a = 0 limit of
the STNH model. For a non-zero but small value of recombination
sphere radius, as we can see in Fig. 4c for a = 0.03rC, the electric
field characteristics of escape probability are rather weakly sensi-
tive to changes in j by orders of magnitude.
4. Comparison with experimental data

The Onsager model provides a good starting point for a quanti-
tative description of charge photogeneration in organic solids. Here
we recall results for g0 and r0 extracted from our previously re-



Fig. 3. Electric field characteristics of averaged escape probability obtained in the
framework of the STNH-Gauss (a) and the STNH-Exp (b) models for various
distribution width b. For comparison the curves based on the STNH-Dirac model are
also shown. Calculations were performed assuming the following values of the
model parameters: r0 = 0.1 rC, a = 0.04 rC and jrC/D = 0.001. For a brief description of
the models see Table 1.

Fig. 4. Electric field characteristics of averaged escape probability obtained in the
framework of the STNH-Dirac model with various values of surface recombination
velocity parameter, jrC/D. Calculations were performed assuming r0 = 0.1 rC and the
different values of the recombination sphere radii a as indicated in the parts (a), (b)
and (c) of the figure. For comparison the plots based on the Ons38-Dirac model
assuming r0 = 0.1 rC are also shown.
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ported EML data for vacuum evaporated films of some organic
materials. All data were analyzed consistently assuming a single
value of r0 of initial e–h pairs (Ons38-Dirac model).

For excitation in the spectral range of first low energy absorp-
tion band the r0 radii are approximately equal to one or two spe-
cific, or two average distances in crystal lattice of investigated
materials (Table 2). As concomitant polymorphism frequently oc-
curs in organic films, in Table 2 the crystal data for the most com-
mon phases (designated by lower case Greek letters) of materials
are displayed. We can notice here two types of molecular packing
in crystal structures which are favourable for exciton dissociation.
In the first case, crystal structures of sexithiophene (6T) [43],
quinacridone (QAC) [44] and diamine derivative (TPD) [45] show
layered arrangement with molecular layers (parallel to bc crystal
planes) closely situated and rather separated from each other as
in 6T and QAC or partly interpenetrated with phenyl rings as in
TPD. The values of r0 in this case agree well with a distance be-
tween adjacent layers (d) as in 6T and QAC or a spacing between
neighbour molecules along a axis as in TPD. In the second case,
the direction of ‘‘easy’’ dissociation in crystal lattice is established
by strong coupling within a molecular stack as in solid mer-Alq3

[47] or fac-Ir(ppy)3 [48] where face-to-face arrangement of adja-
cent ligands favours the charge transfer along the c direction. In
fact, the values of r0 in either Alq3 and Ir(ppy)3 correspond roughly
to the twice intermolecular distance along c axis indicating that the
primary acts of exciton dissociation take place within the columnar
stacks. A good correlation between our results for r0 and crystallo-
graphic data for materials presented in Table 2 stay in accordance
with the idea that a short range order of a crystal structure is pre-
served in vacuum-evaporated films which is not unique but rather
typical for organic films manufactured by this method (see for
example [49]).

The values of primary quantum yield g0 are ranged from 0.01
for molecules in polymer matrix [50] up to 0.8 and 0.9 for excitons
in neat films Alq3 [18] and Ir(ppy)3 [19], respectively. Excitation of
higher energy electronic states leads to both larger r0 and g0 [8]
which agrees with thermalization mechanism of initial e–h pairs
created by ‘‘hot’’ exciton dissociation events. The evaluated values
of zero-field charge photogeneration efficiency according to the
formula,



Table 2
Comparison of r0 radii obtained according to Onsager model with available crystallographic data for selected materials.

Material r0[Å]a Ref. Sleeted crystallographic distances [Å] Ref. rav[Å]b

6T
S

S
S

S
S

S
21.7–24.0 [41] d = 23.7 (a phase); d = 24.4 (b); d = 22.4 (c) along a direction [43] 8.1

QAC

O H

O

N

N
H

15.7 [42] d = 14.2 (a phase); d = 15.2 (b); d = 13.6 (c) along a direction [44] 7.0

TPD

CH3 CH3

N N 18.6–20.8 [8] a = 17.8 (TPD); [45] 8.9
a = 21.0(TPD-4) [45] 9.0

mer-Alq3
15.9 [17,18] c = 16.9 (clathrate) [46] 8.5

2 � 8.4 (b phase) along c direction [47] 8.1

fac-Ir(ppy)3
N

N

N
Ir 15.5 + 0.5 [19] 2 � 8.4 along c direction [48] 8.6

a Values of r0 calculated according to Ons38-Dirac model from EML experimental data.
b Average distance between molecules in crystal lattice.
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gOnsðF ¼ 0Þ ¼ g0 exp � rC

r0

� �
; ð24Þ

are ranged from 10�6 to 10�3 which is typical for organic one-com-
ponent photoconductors [1].

We note here that the Poole–Frenkel (PF) model [6,7] is rather
inappropriate to describe the charge separation in organic films.
In the PF formalism a charge carrier escapes from Coulomb attrac-
tion of its counterpart jumping over the potential barrier in a one
step process. This assumption is difficult to realize in organic solids
where the potential barrier is extended within many lattice dis-
tances (rC = 187 Å for �r = 3) and narrow bandwidths are induced
by the electronic wavefunctions strongly localized in space. The
explanation of the apparent success of the Onsager model origi-
nates just from the fact that it takes into account the multi-step
character of charge separation process in terms of carrier diffusion.
Two issues are important in this context: the nature of final recom-
bination step and discrete character of diffusion process. The first
issue is investigated in the present paper in the framework of the
STNH theory assuming the final geminate recombination step pro-
ceeds on a sphere of finite radius (a) with a finite velocity (j).

In Fig. 5 we have compared theoretical STNH results with the
experimental data taken from electromodulation of photolumines-
cence for two archetypical organic photoconductors, Alq3 [17,18]
and Ir(ppy)3 [19], commonly used as fluorescent (Alq3) and phos-
phorescent (Ir(ppy)3) emitters in organic LEDs [20]. Since the fast
intersystem crossing (S⁄? T⁄) induced by the heavy atom effect
is considered to take place in Ir(ppy)3 after photoexcitation, the
vibrationally ‘‘hot’’ triplets (T⁄) rather than singlet (S⁄) states
should be regarded as precursors of geminate e–h pairs in charge
photogeneration process in Ir(ppy)3 films (cf. [19] and references
cited therein).

In EML experiments electric field-induced increase in charge
separation efficiency translates into photoluminescence (PL)
quenching measured usually by modulation technique at the
second harmonic (2x) of fundamental frequency (x) of applied
electric field, E(t) = E0sin(xt). The relevant quantity to be moni-
tored is (2x)EML signal defined as
ð2xÞEML ¼ I2x

I0x
; ð25Þ

where I0x stands for (0x) – Fourier component and I2x – for the rms
value of (2x) – Fourier component of PL intensity I. According to the
scheme displayed in Fig. 1, the PL intensity can be expressed as

IðEÞ ¼ kf

kf þ kn
1� g0XðEÞ½ �I�; ð26Þ

where I⁄ designates the production rate of ‘‘hot’’ excitons. The Fou-
rier components of PL intensity, Inx (n = 0, 2), can be calculated
numerically using a standard procedure [23]. As discussed in Sec-
tion 1, except for the escape probability X, all parameters in for-
mula (26) are assumed to be electric field independent.

In Fig. 5 the experimental electric field characteristics of (2x)
EML signals are compared with those calculated according to the
STNH-Dirac model for various final recombination parameters
jrC/D. The initial e–h separation distances r0 were chosen on the
basis of the Onsager theory as considered above. In addition, the
final recombination sphere radius a was assumed to be equal to
the average intermolecular distance in the crystal lattice of inves-
tigated materials (see Table 2). A reasonably good fit has been ob-
tained with jrC/D > 1 for Alq3 (Fig. 5a) and jrC/D > 10 for Ir(ppy)3

(Fig. 5b). From values of jrC/D we can infer capture velocities j.
To do this, diffusion coefficients were estimated using Einstein
relation, D = lkBT/e, and taking typical values of charge carrier
mobility (l) in solid Alq3 [51] and Ir(ppy)3 [52] as displayed in
Table 3. The given values of l refer to majority carriers which
are electrons in Alq3 and holes in Ir(ppy)3 We estimated the lower
limits of surface recombination velocity: j ffi 0.2 cm/s in Alq3 films,
and j = 2 cm/s in Ir(ppy)3 films which compare favorably with an
evaluation of this quantity in amorphous solids made in Refs.
[21,22]. In particular, Scott and Malliaras obtained j ffi 0.6 cm/s
[21] for organic materials with charge carrier mobility of
10�5 cm2/Vs considering the mechanism of charge injection/
recombination at the metal-organic solid interface in the frame-
work of Langevin theory. We should stress here that the values
of j given above are subject to rather large uncertainty in mobility



Fig. 5. A comparison of the EML experimental data (circles) with theoretical curves
based on the STNH-Dirac model for three different values of capture velocity j. The
EML data for vacuum evaporated layers of Alq3 (a) and Ir(ppy)3 (b) are taken from
Refs. [17,18] and [19], respectively. The values of the model parameters, a and r0,
are indicated in the figure. For comparison the plots based on the Ons38-Dirac
model are also shown. The abscissa of the plots stands for the rms value of the
applied electric field.

Table 3
Electrical parameters for vacuum evaporated layers of Alq3 and Ir(ppy)3.

Material rC [nm] jrC

D l½cm2

Vs
� D ½cm2

s
� j½cm

s
�

Alq3 14.7 1 1 � 10�5a 2.6 � 10�7 0.2
Ir(ppy)3 18.7 10 1.7 � 10�5b 4.4 � 10�7 2

a Reference [51].
b Reference [52].
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determination (1–2 orders of magnitude) since various methods of
mobility measurements lead usually to quite different results [51].
In addition, the electric field dependence of charge carrier mobility
is frequently observed in organic solids [2,53] which has not been
so far implemented into diffusion equation-based formalism dis-
cussed in Section 2.

The second issue we have not here touched on is the discrete
nature of the medium in which charge carrier diffusion takes place.
How valid is the Onsager-based formalism of carrier continuous
diffusion in organic solids was widely discussed in the context of
geminate recombination on a discrete lattice using the Monte Carlo
simulation method [54] and the master equation approach [55]. In
particular, the dependence of the escape probability on tempera-
ture and electric field in a hopping system with a built-in Gaussian
energetic disorder has been extensively studied both theoretically
and experimentally by Marbourg group [56–58]. It was found that
the disorder aids dissociation and gives rise to a sub-Arrhenius-
type temperature dependence [56,57]. The main reason for the
effect is that at low temperatures charge carrier escape proceeds
via the tail states of the DOS (density of states) which requires less
thermal energy. Despite weaker temperature dependence of
escape the concept of diffusion motion underlying the Onsager
theory remains valid in a discrete disordered system with typical
values of lattice constants. However, when modelling the field
dependence of escape probability the actual r0 distance of initial
e–h pairs should be replaced by some effective distance, the effect
becoming better pronounced at low temperatures [56]. In addition,
the field independence of primary quantum yield (g0) of geminate
pair production might be unfulfilled as mentioned in Section 1 of
this paper. A unique way to distinguish between primary exciton
dissociation and subsequent dissociation of an intermediate e–h
pair is the time-delayed collection field (TDCF) technique [58]
which allows the simultaneous measurement of electric-field-in-
duced fluorescence quenching and charge carrier generation
efficiency. As reported for a ladder-type p-conjugated polymer
[58] the EML signals induced by the field dependence of g0 can
be wrongly interpreted when applying the Onsager theory. This
demonstrates that one has to be careful when performing EML data
analysis.
5. Conclusions

In this paper we have studied the electric field dependence of
the escape probability for various distribution functions of the ini-
tial e–h pairs in the framework of Sano–Tachiya–Noolandi–Hong
model in the comparison to the conventional Onsager theory. We
show that charge photogeneration is significantly enhanced, espe-
cially in a low electric field range, for larger widths of initial radii
distributions of e–h pairs and smaller final recombination veloci-
ties. We compared theoretical results with the experimental data
taken from electromodulation of photoluminescence (EML) for
two organic photoconductors, Alq3 and Ir(ppy)3. From analysis of
our results we infer the lower limit of final recombination velocity,
j = (0.2–2) cm/s, in vacuum evaporated films of Alq3 and Ir(ppy)3

which agrees well with an evaluation of this quantity in amor-
phous solids.
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