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Charge carrier transport in disordered organic semiconductors, performed in electronic devices
such as optoelectronic and photovoltaic ones, is usually affected by an exponential distribution of
localized states in the band-gap (traps) under space-charge limited current. In this paper, we
provide a full analysis for the trap-controlled transport of the single-carrier device in the frequency
domain. Trap-limited mobility is interpreted in terms of the classical multiple-trapping picture with
one transport state and the trapping-detrapping dynamics of the exponential density of traps. This
allows us to provide a suitable explanation of the usual experimental features of the mobility
dependence on voltage as along with the capacitance spectra. © 2011 American Institute of

Physics. [doi:10.1063/1.3622615]

. INTRODUCTION

Over the last two decades, the application of light-emit-
ting diodes (LEDs) to the technology of daily life has created
an increasing interest, going beyond the traditional role of
light indicators and displays to home appliances and general
illumination."? At the same time, an exhaustive technologi-
cal research effort was triggered by the potential applications
of the new ongoing generation of these devices based on or-
ganic semiconductors.’ Low-cost manufacturing processabil-
ity and large area and flexible devices may be achieved by
polymer-based organic light-emitting diodes.*” Neverthe-
less, the performance of organic electronic devices strongly
depends upon the charge transport process carried out, there-
fore, further understanding of the physical behavior of such
materials is needed. For instance, the description of charge
transport in organic layers by space-charge limited current
(SCLC)*™ requires an interpretation of mobility by different
semiempirical models (with field- or density-dependence),
which is the crucial parameter governing the transport in the
bulk.'® Recently,'" we have treated the relationship between
the different models and in this paper we provide a full anal-
ysis of the interpretation of the capacitance and conductance
spectra, along with a comparison with the observed experi-
mental features.

In the 1990s, field-dependent mobility models were pro-
posed by Bissler, as a result of assuming hopping transport
in a Gaussian density of states (DOS).'? Field-dependent
mobility in organic layers, such as in sandwiched films com-
posed of either poly(p-phenylene vinylene) (PPV) deriva-
tives or aluminum hydroxyquinoline (Alq3), became widely
accepted. However, Tanase et al. presented a comparison of
mobility values for two solution-processed organic poly-
mers: poly(2-methoxy-5-(3',7'-dimethyloctyloxy)-p-phenyl-
ene vinylene) (OC,C,;o-PPV) and poly(3-hexyl thiophene)
(P3HT), performed in two different configurations, i.e.,
field-effect transistors and hole-only diodes.'® The first
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structure displayed mobility results up to three orders of
magnitude higher than the latter configuration. These obser-
vations endorsed the density-dependent mobility model, pro-
posed by Vissenberg and Matters in amorphous organic
transistors, that stems from hopping percolation in an expo-
nential DOS.'* As demonstrated by Arkhipov er al., hopping
transport in disordered materials can be reduced to a trap-
controlled transport composed of an effective transport level
and a broad distribution of localized states (traps) that only
retain mobile charges.15 Currently, several authors are con-
sidering this framework: transport via an extended state
under the influence of an exponential density of traps.'''®~!®
In the present paper, we implement this assumption in SCLC
to analyze its implications for charge carrier mobility.

From an experimental point of view, the determination
of mobility is commonly given through the study of transit
times (i.e., time needed for carriers to cross the sample
electrode-to-electrode) in the wide range of the methods
available in the literature: time-of-flight, transient electrolu-
minescence, dark injection, and impedance spectroscopy
(IS), among others.'>?° The IS technique will focus our com-
putational calculations to provide physical insights on the
experimental measurements of capacitance spectra. As dem-
onstrated in an earlier theoretical work of a single-carrier de-
vice in SCLC with only a single trap,”' there is a strong
correlation between the shape of the capacitance spectra and
the nature of traps lying in the band-gap. In particular, a clas-
sification of them was established using its energy depth and
its dynamic activity to capture and release charge carriers
(i.e., shallow: fast and slow, and deep traps). Meanwhile
fast-shallow traps were responsible for the delay of transit
times (i.e., shifted capacitance step-ups), slow-shallow traps
were for low-frequency capacitance increases. The aim of
this paper is to extend these ideas to a wider set of traps,
from a single to an exponential density in the band-gap,'" in
order to further test the theoretical framework with experi-
mental capacitance data: a single-carrier device composed
of N,N'-diphenyl-N,N'-bis(1-naphtylphenyl)-1,1’-biphenyl-4,4'-
diamine (¢-NPD).

© 2011 American Institute of Physics
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This paper is structured as follows: first, we discuss the
exponential-density-trap model; second, the results and dis-
cussion section; and finally, the conclusions.

Il. THE EXPONENTIAL-DENSITY-TRAP MODEL

The SCLC regime for electron transport in disordered
organic semiconductors comprises two classes of energy
states: one transport level with density, n., that drifts in the
electric field, F, and an exponential distribution of local-
ized states with density, n,, that corresponds to the immo-
bilized trapped charge. The mathematical description is
well-known in the literature and entails the continuity
equation, the drift-current equation, and the Poisson equa-
tion, respectively,22

dJ
“_o 1
oY (1)
Ja
J = quopncF + &0 Ea (2
dF q

Furthermore, the trap dynamics equation is considered for
every energy level, E;, in the exponential distribution of traps
with occupancy, f;(E, ), along the band-gap as,>

%

% ene[l — fi] — ef;. 4)

Here, g is the elementary charge, L, is the trap-free mobil-
ity, &-& is the dielectric constant, and ¢ and e are the coeffi-
cients for electron capture and release, respectively. The
potential can be calculated by integrating the electric field
along the thickness, L,

L
V= J Fdx. (5)
0

In fact, the same system of equations stands for the hole
transport just by swapping the spatial and energy scales ori-
gins at once. The population of the extended states at the
energy level, E., for a non-degenerate semiconductor, relates
to the Fermi level, Er, as

ne(Er) = NoeFr BT ©)

where N, is an effective density of states in the transport
level.

The trapped population is the overall density of charge
carriers located by the exponentially distributed traps along
the band-gap,

E,
nr(EF):J gt(Et) I(EI»EF)dEh (N
Ey
Nt Ey—Ec
E — kpTr 8
8i(Er) kBTte ) 3

where N, is an effective density of traps and 7, is the charac-
teristic trap temperature.

J. Appl. Phys. 110, 043705 (2011)

Assuming that every trap energy level, E;, reaches equi-
librium with the extended state (with the same Fermi level),
the trap occupancy is given by,

1
JEEp) = —— =0T (€))

"1 + eE—Er)/ksT "
In steady state, Eq. (4) yields,

1

fr= 1+e/(cn.)

(10)

Therefore, the detailed balance condition provides the fol-
lowing relationship for the trap emission and capture coeffi-
cients, Egs. (6) and (9), into Eq. (10) yields,

e = cN el E)/keT | an

Let us denote the steady-state by X and a small perturbation
by X applied at a certain angular frequency, @. Hence, every
electrical variable can be expressed as x = X + & to linearize
the whole system of equations up to the first order.* As
shown in Ref. 25, by solving Eq. (4) for a small perturbation,
we obtain,

JulEr) = il +io/w, (12)

This term gives the contribution to the spectra of the capaci-
tance and conductance of every trap level. Every trap fre-
quency is defined as

(B) =— (13)

o =—.

t t 1 — f}
This is the maximum frequency that the trap is acting as
such, since at higher frequencies the trap cannot follow the
ac pelrturbation.21 Inserting Eq. (11) into Eq. (13), we find
the dependence of w, on the trap energy and occupation, as

(/'N(_e(Elet')/kBT

o =—
-1

It should be noted that in the SCLC regime, f; is position-

dependent along the organic layer. The impedance is defined
as the quotient of the potential to the current density,

(14)

Z(w) = . (15)

The quantity, V(w), is determined by the spatial integration
of F(w) from the solution of the preceding model. The
boundary conditions at the injecting contact used to solve the
electrical variables along the thickness in dc and ac condi-
tions are,26’27

i.(x=0)=N, and F(x=0)=0. (16)

The capacitance and conductance are defined as follows:

C(w) = Re {m] , (17)
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g(w) =Re [%w)} . (18)

The dielectric capacitance of the organic layer is denoted
as Cq.

The present physical model leads to a first-order differ-
ential equation. The numerical algorithm used to achieve the
solution is based on a double discretization; one for the
thickness L (i.e., spatial coordinate x), and the other one for
the energy bandgap (i.e., trap energy E;). On the one hand,
the steady-state is solved from Egs. (1)—(3) and Egs. (5)-(9)
by pinning the mobile carriers as the effective density of
states at the injecting contact in Eq. (16). On the other hand,
the time-dependent regime stems from the application of an
additional small ac voltage over the dc one, therefore, the
inclusion of the time-dependent trapping action is required,
as shown in Eq. (4) and Egs. (10)—(14). The ac boundary
condition is set to zero electric field at the injecting contact
[Eq. (16)] and the frequency-response solution [Eq. (15)] is
obtained.

Ill. RESULTS AND DISCUSSION
A. Theoretical framework

1. Steady-state characteristics of organic layers with
an exponential density of traps

Experimental measurements of J-V curves are usually
analyzed to interpret the performance behavior and charge
transport of a wide range of electronic devices, such as or-
ganic light-emitting diodes,?® transitors,'® and solar cells.*’
In our case, for single-carrier organic layers, we calculate the
steady-state solution from the preceding model and the
results are displayed in Fig. 1. Input data are shown in Table
I. At low voltages, most of the ohmically injected charges
are trapped (n; > n, in the Poisson equation) and the repre-
sentation approaches the formula,'®!”

! ! I+1 v /141
€ l 21+ 1 V
J = Ne| — , 19
“Hon <eN,> (1 ¥ 1) <1+ 1 ) prre (19
whereas at high voltages, n, < n, the Mott-Gourney square
law modified by shallow traps is followed,

100
107

102 4

J(A/em?)

10%

10% 4

105 H——————————————
5 10 15 20

Vbias(v)

FIG. 1. Simulations of current-density-voltage characteristics (line and scat-
terplot) pictured together with the analytical formulas: Eq. (19) (solid line)
and Child’s law, Eq. (20) with 0 = 1 (dashed line).
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TABLE I. Material parameters implemented for simulations.

Parameter Value

Thickness, L 80 nm

Transport effective density of states, N,. 10¥ em™
Relative dielectric constant, ¢, 3

Trap-free mobility, o, 5% 1077 ecm?/(Vs)
Temperature, T’ 300K

Band-gap, E.—E, 24eV

Trap effective density of states, N, 5%10"7 cm™?
Characteristic trap temperature, 7, 1500 K

Trapping capture coefficient, ¢ 7 x 10~ ecm?/s

9 V2
J= g 86:“0;1 E ) (20)

where 07'(= 1+ (n,)/(n.)) is a carrier-density dependent
factor of trapped and free charge located by the shallow
traps.® It should be remarked that trap dynamics [Eq. (4)]
have not been included in the present calculations and the
mobility parameter is thereby defined as y,, which is inde-
pendent of voltage.

2. Impedance response of organic layers with an
exponential density of traps

Experimental measurements of the capacitance spectra
extracted from the impedance response [Eq. (17)] are consid-
ered a powerful tool to determine the charge transport pa-
rameters such as carrier mobility for holes and
electrons.'?!2

The model described in Sec. II was already analytically
solved by Dascalu with the approximation of J oc V2 and
two suggested trapping coefficients independent of occupa-
tion (0 and ). However, this approach does not take into
account the voltage dependence of mobility if extended to
any voltage range.*> In contrast, our computational results
of the capacitance with the exponential density of traps have
no restrictions and cover the whole model previously
exposed. Figure 2(a) shows capacitance calculations with the
material parameters of Table I. Deviation from the well-
known trap-free spectrum, i.e., a step up from 0.75C, to C,
at a certain frequency,®>° is displayed as a reference. Low-
frequency capacitance exhibits an increased value far more
than the traditional 0.75C, and this behavior is attributed to
the slow-shallow traps within the distribution that cannot
achieve the quasi-equilibrium with the transport level. At
higher frequencies approaching the transit time, the trap-
ping-detrapping dynamics of fast-shallow traps intersect
with the transit of charge carriers from the injecting to the
collecting contacts, thus causing a time delay, as shown by
peaks (arrows) in Fig. 2(b). Trap-limited mobility is inter-
preted in terms of this trap-controlled transport. Both roles of
shallow traps (slow and fast) now occur at once with the ex-
ponential density of traps, unlike in our previous work of a
single-trap.>' The deep traps contribution is also slightly
observed in the first peak of the capacitance. As a minor
comment, other capacitance simulations with a slower
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FIG. 2. (Color online) Model simulations at 3 V of (a) capacitance, and (b)
differential susceptance spectra [see Eq. (24)], with an exponential density
of traps (orange dashed line) in comparison to the trap-free spectrum (black
solid line). Frequencies are normalized to transit time, 7,4, [see Eq. (260)].

capture trap rate yielded slightly lower values than 0.75C, in
the vicinity of the transit time frequency.

Since we are dealing with an inhomogeneous system,
the Fermi level and occupation vary along the thickness
[Fig. 3(a)], especially abruptly close to the injection region
and with a smoother functional dependence in the wide range
of the sample thicknesses. Therefore, an average Fermi level
(Er) can be given as an appropriate approximation to sim-
plify the theoretical analysis. Thus, the average occupancy
becomes,

(f(Ei,Er)) = f(E;, (Er)), Q1)

and Fig. 3(b) shows the average occupied density of traps
and the empty ones under the preceding approach. Presum-
ably, the most shallow and empty traps will behave as fast,
whereas the less shallow and full ones will be slow [see Eq.
(14)]. Nevertheless, a further approach to the trapping rates
along the energy distribution in the band-gap is of prime im-
portance to disentangle the different roles of every trap
energy state in the contribution to the capacitance spectra
(see Fig. 4). The capture rate, ¢, is defined as energy inde-
pendent with a higher value than the normalized emission
rate, e/N,, given in Eq. (11). However, the definitive discrim-
inant parameters used to classify whether the shallow energy
states are purely fast or not, are: the capture rate, ¢, and the
critical capture coefficient, c., defined as,

J. Appl. Phys. 110, 043705 (2011)

<occupancy>
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FIG. 3. (Color online) (a) Simulations at 3 V of the Fermi level along the
thickness (solid line) and average occupancy (dashed line) that stems from
the average Fermi level, (Er). (b) Colored area is displayed for the average
occupied trap density of states (DOS) whereas shadowed area corresponds
to the empty trapping density of states. Average occupancy is also printed
(pink dashed line) together with average Fermi level, (Ey), and transport
energy level, E,, as references.

3npg,V 1 — fi(E:, (EF))
CL'(EI) ~ 2L2 NC€<E’7E")/kBT )

(22)

and its discussion was also published in Ref. 21. If ¢ is larger
than ¢, along a certain energy interval in the band-gap, these
shallow energetic levels behave as fast-shallow traps result-
ing in a larger transit time and thereby, in a trap-limited mo-
bility. This energy region below the transport level
(E. > E, > E|) can be calculated as, ¢.(E.) = ¢, where E|,
is interpreted as the lowest energy level acting as purely fast,

3wov> - [<Ec — (ER)

EL = ksTL
L="e ”Kcz\QL2 ks T

] - 1} + (EF),
(23)

which is dependent upon the voltage, V, dropped along the
organic layer in space-charge, the Fermi level (Ex), and the
device specifications. For shallow levels below E;
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FIG. 4. (Color online) Trapping coefficients are displayed for the 3 V model
simulation: normalized emission rate (¢/N,) and trapping rate (c) are repre-
sented by colored solid lines. Critical capture coefficient is also given by a
dash-dotted line. Reference energy levels are: transport E,., limit £;, and av-
erage Fermi (Ef) levels.

(EL > E, > (Ep)), the trap dynamics start to gradually
change from fast to slow, as far as the deeper states with
which we are dealing. That makes it difficult to quantify the
reduced factor, 6, that commonly relates the trap-limited mo-
bility to the trap-free one.*°

In order to experimentally test the model,’ capacitance
spectra are generated at different voltages in Fig. 5. By
increasing the voltage dropped in the space-charge, the
Fermi level moves up toward the transport level, covering
more trapping states in the band-gap. As a consequence, the
range of the energy distribution acting as purely fast
(E. > E, > E|) becomes narrowed since E; [Eq. (23)] also
moves up. This indicates that there are less unoccupied trap-
ping sites that can trap and release charges quickly while
they are drifted electrode-to-electrode by the local electric
field. In other words, trap limitation of mobility becomes
lower the more voltage is applied since less fast-shallow
traps are acting as such. As regards the low-frequency behav-
ior with the voltage, the same reasoning can be given, since
the energy region (Ep > E, > (Ep)) containing the slow-
shallow traps, also becomes more reduced. Thus, less low-
frequency increase is expected the more voltage is applied.

CF)

T T
10? 108 10 10°
f(Hz)

FIG. 5. (Color online) Model representation of capacitance spectra at vol-
tages ranging from 3 to 7 V. Simulation parameters are shown in Table 1.
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B. Experimental analysis

Let us now apply the model and theoretical framework to
interpret the capacitance spectra of the hole-only device based
on the o-NPD of Nguyen et al.*® In that publication, the authors
model the data by considering drift-diffusion transport with a
Gaussian density of traps and field-dependent mobility, how-
ever, the low-frequency capacitance exhibits a rather sharp
behavior in contrast to the experiments. This feature may be bet-
ter described by an exponential distribution of traps that would
result in a smoother capacitance variation at low-frequency.

We show the experimental capacitance spectra at different
voltages of a thick hole-only device retrieved from Ref. 38 in
Fig. 6. The capacitance behavior and shape agrees well with
our model at every frequency range, however, not the magni-
tudes, mainly due to a noticeable difference of thickness, L,
from simulations (Fig. 5), in contrast to the experimental data
shown in Fig. 6. The low-frequency (LF) capacitance part dis-
plays an increase, which is directly modulated by the trapping
distribution, and concretely by the slow-shallow traps. The LF
capacitance increase is more noticeable the less the voltage is
applied, i.e., for the lower set of voltages (3—5 V) more than
for the higher ones (9—10 V), as expected. The intermediate
frequency (IF) range is characterized by the presence of a min-
imum value of the capacitance spectra and its position shifts
depending on the voltage. Our model predicts all of the min-
ima achieving the value of 0.75 of the geometrical capaci-
tance, C,, of the organic layer, however, the experimental data
lies more over this limit the less the voltage is applied. This
feature seems to be better described by Nguyen’s model. In
the IF region it is believed that the average transit time of the
carriers, T, can be extracted by means of the IS technique
with the representation of the susceptance (=Im(Y)), con-
cretely, the negative differential susceptance,

—AB(w) = —o(C(w) — C,). (24)

The position of the maxima define the peaks corresponding
to ac transit times at different voltages, therefore,39

Tirae 2 072 frrhs (25)

and the mobility values can be extracted by using the dc
transit time expression,

600

550 4

500 -

450

C (pF)

400

350 o F

300

102 108 104 10° 108
f (Hz)

FIG. 6. (Color online) Experimental capacitance spectra of a hole-only
o-NPD device at different voltages. Contact area, A, is 0.235 cm?.
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L2

4
- 26
3 /“t(vhias - Vbi) ( )

Ttrde =

Inserting Eq. (25) into Eq. (26), it holds,

szmax
0.72 - (Vhias — Vbi) '

4
== 27
H=3 @7
Calculations of mobility yielded mobility enhancement the

more the voltage is applied in the bulk. In particular, the fit-
ting to the classical field-dependent mobility expression,

1= oexp(1VF), (28)

with the approximation of \/F ~ \/V/L, provided experi-
mental mobility values of g = 2.9 x 10~*cm?/(Vs) and
p=2.6x% 10’3(cm/V)1/ 2. This mobility dependence upon
voltage, measured by means of IS, is interpreted in the present
paper as a trap-limited mobility governed by the dynamics of
the fast-shallow traps in the band-gap. The field-dependent
mobility is induced by the reduction of the trapping action as
far as more voltage covers more trapping sites in the exponen-
tial distribution of localized-states. As regards the high fre-
quency range (HF); it is composed of two different parts: a
relatively wide plateau lying at the capacitance value of C,,
and a sharp decrease from a frequency cutoff onwards. The
latter behavior of the HF is dominated by the series resistance
of the whole device structure causing the capacitance drop.

In summary, the shape of the capacitance spectra with
an exponential density of traps is strongly determined by the
bias-voltage, providing: (1) a deviation of transit times trans-
lated into a field-dependent mobility, and (2) a low-fre-
quency capacitance increase over the traditional 0.75C, for
trap-free materials.

IV. CONCLUSIONS

We have corroborated the theoretical framework of the
multiple-trapping picture in organic layers that comprises an
exponential density of trapping states under SCLC. The anal-
ysis of the capacitance spectra facilitates the interpretation of
the voltage dependence of the trap-limited mobility and the
low-frequency capacitance behavior. The presence of pure
fast-shallow traps determines the limitation of the charge
transport mobility, whereas slow-shallow traps cause the
low-frequency capacitance to increase. Both features are
modulated by two respective voltage-dependent energy
regions in the band-gap.
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