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Initial Rise of Transient Electroluminescence
in Organic Films

V. R. Nikitenko!, A. R. Tameev?, and A. V. Vannikov?
"Moscow Engineering Physics Institute (State University),

Moscow, Russia

2A. N. Frumkin Institute of Physical Chemistry and Electrochemistry
of the RAS, Moscow, Russia

Theoretical analysis of transient electroluminescence in thin organic films con-
trolled by non-equilibrium charge transport is carried out including space-charge
effects. Results are compared with experimental data for a 100-nm-thick film of a
phenylenevinylene co-polymer. Normalized transients are highly dispersive and
universal at the initial time interval, which is considered as a manifestation of
the non-equilibrium field-assisted dispersion of holes. Transit time is the half-rise
time rather than the delay time.

Keywords: field-assisted dispersion; organic light-emitting diodes; transit time

1. INTRODUCTION

The physical background of electroluminescence (EL) from thin
organic films suitable for organic light-emitting diodes (OLEDs) was
clarified greatly in the recent decade [1,2]. The zone of most intensive
EL is typically a narrow (several nanometers) sheet in the proximity to
one of the electrodes (a cathode, to be specific), due to a strong asym-
metry of the mobilities of charge carriers [1,3]. The transport of fast
carriers (holes, to be specific) across the almost whole layer is, conse-
quently, a key process for the EL onset. Transient electroluminescence
(TrEL) is widely considered as a general method for the determination
of hole mobility in thin (<100 nm) organic films.
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Charge carrier transport in disordered organics occurs via hopping
between localized states with a wide Gaussian energy distribution
[4,5]. From studies of charge transport by conventional time-of-flight
(TOF) techniques, it is well known that the initial non-equilibrium
(“hot”) energy distribution of excess charge carriers and the energy
disorder of a material leads to anomalous characteristics of transport
which are usually referred as dispersive transport. In particular, the
anomalous broadening of carriers in space results in the anomalous
broadening and scaling of normalized TOF signals, even if the signal
is near-constant prior to the transit time [4]. However, the present
methodology of TrEL analysis is typically based on the questionable
assumption that the charge transport in thin (<100 nm) organic layers
is normal, hence it can be described by constant mobility and diffusion
coefficients, assuming also Einstein’s relation [3,6]. The empirical
method in [6] involves the dispersion of holes in a qualitative way,
but it is not supported theoretically.

An analytic theory of anomalous (non-equilibrium) hopping charge
transport has been developed recently in [7]. It is based on the concept
of effective transport energy [8]. The transport is characterized by the
time-dependent mobility and the coefficient of field-assisted diffusion.
The latter describes an anomalous spatial broadening of charge
carriers which is caused by the dispersion of release times of charge
carriers from the deep tail of localized states. The theory includes
the normal (quasiequilibrium) [9] and dispersive (extremely non-equi-
librium) [10] regimes at long and short time ranges after the carrier
generation, respectively. The TOF transients at the intermediate
“quasidispersive” transport regime are in good agreement with the
well-known results of experiments and Monte-Carlo simulations [4].
In work [11], the theory was applied to the modeling of the initial rise
of TrEL from a single-layer OLED, providing the injection-limited
transport of fast carriers (holes) in a device. The result is that a TrEL
signal is anomalously broad due to the field-stimulated dispersion of
holes incoming to the recombination zone.

In the present work, the model of [11] is developed in order to analyze
effects of the space charge of holes and the slow transport of electrons on
the initial rise of EL. Special attention is paid to the problem of correct
determination of the mobility of holes from the TrEL data.

2. THEORY

TrEL is considered here providing that holes moves much faster than
electrons, hence the recombination zone is located next to the cathode
at the initial (after the switching-on of a voltage pulse at ¢ = 0) time



Downloaded by [University of Haifa Library] at 14:05 09 August 2012

Initial Rise of TrEL in Organic Films 109

period. The anode and the cathode are located at x =0 and x =L,
respectively, L is the film thickness. The recombination current
density, Jg(t) proportional to the TrEL intensity is the product of
the conduction current density of holes, J(L, t), incoming to the recom-
bination zone, and the radiative recombination probability, ¢(t),

Jr(t) = J(L,t) o(t). (1)

The latter function increases with time (adiabatically slowly relative
to the first one) due to (i) slow increase of the electron density and (i)
slow increase of the mean lifetime of singlet excitons because of the
slow (dispersive) transport of electrons apart from the cathode. There-
fore, the function ¢(¢) is determined by rather complicated physical
processes. It can be introduced, however, in a simple phenomenological
way in order to reduce the number of model parameters. It is known
that the TrEL kinetics shows often 2 different rise times which are
related to the transport of electrons and holes, respectively [6]. Thus,
one can write the function ¢(¢) in this case as follows:

o(t) =~ Jr(t) /I8 =1~ (1 — @y exp(—t/t.), t>t,, (2)

where ¢, is the transit time of holes, J§ is the long-time limit of Jz(t),
and ¢(¢) is normalized by the condition ¢(c0) = 1, providing that the
long-time TrEL Kkinetics can be described by the time 7., 7, >¢;. One
can obtain the parameter ¢, = ¢(0) < 1 by extrapolation of Eq. (2) to
the zero time.

The time dependence of J(L,t) is discussed at first, providing a
rather high energy barrier for the injection of holes; hence, the electric
field is uniform. One obtains [11]

L
JILt) =, 1 /dxp(;(x,t) , 3)
0

where o/}, is the injection current density of holes, and ps(x, ¢) is the dis-
tribution function of holes, being injected by a short pulse at ¢ = 0 (see
the analytic solution in [7,11]). It can be approximated by the Gaussian
function, if t>»t,, , ~ vylexp|(d/ kT)?|, where vy is the frequency
prefactor, and o is the variance of the Gaussian distribution of states:

ps(x,t) ~ exp{f(x — e Fot)? /4SF(t,F0)} / V4S5 (t,Fo),

t (4)
Sr(t,Fo) = /dt'DF(t’,Fo)~
0
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This function is characterized by the time-dependent coefficients of
field-assisted diffusion (FAD), Dr(t,Fo), and mobility u(t) ~ i,
Fy=(V —Vy)/L is the strength of the applied electric field, and V
and Vp; are the applied and built-in voltages, respectively. Equations
(3) and (4) yield

J(L,t) ~ Jy(1/2)erfe [(L — ttogFot) / 2\/Sp(t7F0)J, t>teg . (5)

The quasiequilibrium transport regime is established at the long-time
limit, £t.,_p, where t_p ~ 15 exp 2(o/kT)2Ak: Dy(t,Fo) ~ Dyeq(Fo)
and Sr(t) ~ Dpegt, although Drey/u,,>kT [e(c/RT>1) [7]. The FAD
coefficient increases at the long intermediate period, feq , <f<teq p
(“quasidispersive” transport regime) [7,11]. The transit time of holes,
tsr, is determined by the condition that the mean position of the distri-
bution of holes is equal to the film thickness,

/dxxp(;(x,tt,) =1L, (6)
0

in analogy with TOF. This condition yields #; ~L/u,,Fo in the
quasiequilibrium or quasidispersive regime, see Egs. (4) and (5). Obvi-
ously, ¢, ~ t1)2; see Eq. (5), where the half-rise time of TrEL, ¢, /5, is
defined as Jg(¢1/2) = 0.5Jg(c0).

If the space-charge limited regime of the hole transport is realized,
the electric field strength, F(x, ), is determined by the space charge of
holes (except for several nanometers next to the cathode, where
electron’s charge is important), in accord with the Poisson equation.
If the dispersive transport is finished, ¢ > ¢, ,, one can relate the
current to the density of holes, p(x,¢):

J (e, ) ~ u(t) expl-At)F (x, Op (. 1). (7)

The factor exp[—A(¢)¢] = 1 describes the capture on deep states
(A(8)t—0,¢—00). The functions A(¢), u(t), and Dp(¢) are determined
by the energy ¢ and the temperature [11].

By neglecting the diffusion according to [12], the density of holes
next to the cathode can be written as a step-like function,

x1(2)

pO(x,t) = [eeo feM (2)]! /0 dx,d(x —x,), (8)

where M(t) = fé dt' u(t'), ¢ is the relative dielectric constant, and
x1(t) =2LIn{1/[1 — M(t)Fo/2L]} is the leading front position. One
can include approximately the field-stimulated broadening of a
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step-like leading front of distribution (8), by replacing the Dirac
delta-function in this equation by the Gaussian function (4), with x,
and Sp[t, F(x.,t)] instead of u,,Fot and Sr(t, Fo), respectively. By using
Eq. (7), we obtain

_ eeopu(t) L —x1(t)
J(L,t) ~ 2eM () F(L,t) exp[—A(t)t]erfc [ZW t <t
FL.t) = F(Lt) - (efs) [ [plwt) ~p®x. )
L
where FOO(L,t) = Fo/[1 — M(t)F,/2L] (9)

The time ¢; is the transit time of holes in analogy with that in [12]; it is
defined as x1(¢1) =L, i.e.,

FoM(t1)/L =~ 0.787. (10)

Obviously, #1 ~ 0.787L/,,Fo [12], because p(t) = pq,if t1>teq_y-

Equations (1), (2), and (9) [or Eq. (5) in the injection-limited regime]
yield an approximate analytic description of the initial rise of TrEL.
We note that the effects of the filling of deep states and the field depen-
dence of the non-equilibrium mobility of holes are not considered here.
Indeed, the calculations in [5,13] yield the weak dependence of the
mobility on the hole density and the field strength, if p/N < 1074,
Fy<5-10° V/em, T > 250 K, and ¢/kT < 3, where N is the total
concentration of states.

3. RESULTS AND DISCUSSION

Normalized TrEL signals calculated for the injection-limited (IL) and
space charge limited (SCL) regimes of hole transport are shown in
Figure 1 as dashed and solid curves, respectively. The calculations
are carried out with the use of Equations (1) and (3) and (1), (2), and
(9), respectively, for two values of applied voltage, 8 and 16 V. The film
thickness is taken to be 100nm, and the time is normalized by the
half-rise time, t;/5. The simplest case, ¢ = const, is assumed for
the IL regime. The built-in voltage V;; =2V is taken in account, so
the field lies in the range from 6 - 10° to 14 - 105 V/cm. Figure 1 shows
an approximate universality in both regimes. As the field increases,
the dispersion parameter W = (¢1o —tq)/t1/2 [11] varies from 0.64 to
0.76 and from 0.52 to 0.58 for the IL and SCL regimes, respectively.
Obviously, TrEL rises steeper in the SCL regime. The delay times,
ty, are defined, as it is shown in Figure 1. Both these variations are
much less than it is predicted by the conventional formula,
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FIGURE 1 Time dependences of the initial rise of the recombination current
calculated from Equations (1), (2), (9) (SCL regime, solid lines) and from
Equations (1), (3) (IL regime, dashed lines). The recombination current and
time are normalized by the steady-state level and by the half-rise time,
respectively. Dotted lines show how the delay time is defined. Film thickness
is L=100nm, the built-in voltage Vy,;=2V. Other parameters: ¢, =0.3,
7, = 3t1, where ¢; is calculated from Equation (10) (SCL regime); ¢(t) = ¢q
(IL regime); 0=0.075¢V, T=295K, N =4.6-1022cm 3, 2y N"/3=10 (y is
the inverse localization length).

W = /nD/uF\L [4], providing the time-independent FAD coefficient
Dp.y < F2 [9]. We note that both estimated transit times for the IL
and SCL regimes [see Eqs. (6) and (10), respectively] considerably
exceed the equilibration time of the mobility, ¢., ,, hence the TrEL
data are suitable for the determination of the mobility. However, an
increase of the FAD coefficient in the long period, fey , <t <ty p,
causes the normalized time dependences of the conduction current
at the cathode, J(L,¢), to be approximately universal relative to varia-
tions of L and F in analogy with the transient current under the TOF
conditions [7,11] like the dispersive transport regime. If the Einstein’s
relation, D/u = kT /e, is the case, then one obtains a variation of W
from 0.11 to 0.07 contrary to both the calculated and experimental
(see below) results.

The results of calculations are compared with experimental data.
Single-layer OLEDs were fabricated on ITO glass substrates covered
with polyaniline (PANI) as a hole-injecting layer followed by a
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100-nm-thick co-PPV layer as an active material, where co-PPV is
polyl(p-phenylenevinylene)-alt-(2-methoxy-5(2-ethylhexyloxy)-p-
phenylenevinylene)] from Sigma-Aldrich. The Ca cathode and the Al
protecting layer were thermally deposited in vacuum. TrEL measure-
ments were performed using a Keithley source-measure unit and a
photomultiplier tube.

The built-in voltage for this structure is V;; = 2V, and holes are the
fastest charge carriers [14]. Figure 2 shows the semilogarithmic plot of
experimental TrEL intensities, /g7 (¢), subtracted from its long-time
value, Jgz,(00) = J*, and normalized by J77*. Obviously, the transit
time can be determined by the method from [6] (see dashed lines), and
this time is very close to the half-rise time of TrEL, ¢, 5 (see also Fig. 13
in [6]). One can obtain the parameters of ¢(¢), see Equation (2), from
the long-time exponential asymptotics, namely ¢y~ 0.3 and
‘L'e(V = 10) =2.2 t1/27 ‘L'e(V = 16) =2.7 t1/2-

Figure 3 shows the universality of normalized TrEL intensities at
the initial time period. The results are in good agreement with calcula-
tions for the IL regime (see the dashed lines), although the initial rise
of experimental curves is somewhat steeper. Both calculated and
experimental data are normalized to the steady-state level, and the
time is normalized to the theoretical transit time of holes and the
half-rise time, respectively. Again, one can identify the latter with

1-J_ ()™

t/t1/2

FIGURE 2 Normalized electroluminescence transients, obtained for the
structure ITO:PANI/co-PPV (100 nm)/Ca:Al. Applied voltages are shown in
the figure. Dashed lines show how the delay and transit times are defined.
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FIGURE 3 Normalized experimental TrEL signals (solid lines) compared
with the recombination current calculated for the IL regime (dashed lines),
see Equations (1), (3). Experimental and calculated curves are normalized
by the half-rise time ¢,/ and the transit time #,., respectively. The latter is cal-
culated from Equation (6) and coincides practically with ¢,/ Applied voltages
are 8, 10, and 16V, the increase is shown by arrows. Other parameters are the
same as in Figure 1.

the transit time of holes, while the delay time of TrEL is much smaller
than the transit time.

It is instructive to examine the possibility of non-equilibrium trans-
port for the IL current. At the first glance, the initial energy distri-
bution of injected charge carriers should be rather “cold” in order to
preclude their subsequent energy relaxation, if the injection is bar-
rier-limited. However, (i) localized states are shifted to lower energies
next to the electrode by the one-dimensional image-force Coulomb
potential and (ii) jumps downward in energy are possible due to the
energy disorder. One can estimate [11] that the initial dispersive
transport of holes is possible, if the energy barrier for the injection
is rather low, H < H, = ¢2/kT + e%/16nzeeoa + eFoa, where a is the
typical hopping distance. If the injection occurs from the semiconduct-
ing anode, one has to replace ¢ by the effective value e = (¢ + &)/
(eq — &) which is near ¢ for the typical case ¢, > ¢, ¢, being the dielectric
constant of the anode. For example, H, = 0.5eV at ¢ = 0.075eV and
H,=0.7¢V at ¢ =0.1eV, providing that ¢« =0.6nm, ¢ =25, and
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Fy=3-10°V/cm. It is worth noting that the quasidispersive transport
regime is possible even if H > H, [11].

The difference of the work function of ITO and the HOMO level of
co-PPV yields the energy barrier equal to 0.5eV. The assumption
about the IL- regime of hole transport is questionable, however,
especially at the highest voltage. TrEL is calculated in the SCL
regime for the same collection of parameters as that in Figure 3
and is compared with experiment in Figure 4. Obviously, the initial
slope of the 16-V curve is reproduced by calculations better than that
in Fig. 3. One can conclude that the transition from the IL to SCL
regime of hole transport occurs with increase of the applied voltage
from 10 to 16V. The subsequent rise of the calculated curves is
unreasonably steep, however, by suggesting that the accuracy of
the approximate equation (9) is insufficient at ¢ = ¢,.. The steepness
of the initial rise of TrEL in the SCL regime increases together with
the electric field. The rise of TrEL is moderated, on the other hand,
by the increase of ¢(¢), which reflects the electron kinetics; hence,
the calculated ¢;/2 underestimates the transit time at low voltages
not considerably.

0,8} ' ' . S

0.0 05 10 15 20
tt,

FIGURE 4 Normalized experimental TrEL signals (solid lines) compared
with the recombination current calculated for the SCL regime (dashed lines),
see Equations (1), (2), (9). ¢, = t1/2 and ¢, = t1, see Equation (10), for experi-
mental and calculated curves, respectively. Applied voltages are 10 and
16V, other parameters are the same as in Figure 1.
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4. CONCLUSIONS

Effects of anomalous field-assisted dispersion on the initial TrEL
kinetics cannot be ignored, basing on arguments following from both
theoretical and experimental data. The transit time of the fastest
charge carriers (holes) can be identified rather with the half- rise time
of TrEL (in analogy with the half-decay time of TOF signals [4]), than
with the delay time. The latter is a measure of the time-of-flight of the
fastest fraction of holes whose hopping paths include only the states
with energies shallower than the mean energy of occupied states in
the quasiequilibrium regime, —¢?/kT. One can overestimate the
mobility (in the case of our experimental device, by a factor 4) if
the delay time is taken as a transit time. The same conclusion was
made in [6]. The method given in [6] is appropriate in our case as well
(see Fig. 2). In general, the method of half-rise time seems to be more
appropriate if the long-time TrEL kinetics is not pure exponential, and
the steady-state level can be observed clearly.

The analysis performed in this paper can be not applicable to the
case of the extremely high dispersion of TrEL signals, W > 0.8, in
the SCL regime. The possible reasons are (i) dispersive (not quasidis-
persive) regime of hole transport and (ii) effects of electron transport
on the initial TrEL [6]. The effect of charge accumulation on deep
traps in the bulk of the film or in proximity to the electrodes
[6,15,16] can be also important.
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