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Features of Capacitance and Mobility of Injected Carriers
in Organic Layers Measured by Impedance Spectroscopy

José M. Montero™® and Juan Bisquert*!?!

Abstract: Transport of charge carriers in organic layers plays
a relevant role in the performance of electronic devices such
as light-emitting diodes, solar cells, and photodetectors.
The presence of energetically distributed traps severely af-
fects the measured transport coefficient and the charge-stor-
age features in the film. We summarize recent theoretical
work on impedance spectroscopy models for space—charge
limited current of a single carrier in a multiple trapping
model, which describes the experimental behavior usually

observed in organic layers with injected charge carriers well.
Two main physical effects are obtained from the numerical
and analytical treatment. First, carriers in slow traps that do
not follow alternating current modulation provide an in-
crease in the capacitance at low frequency, and second,
those in fast traps remain in equilibrium with the transport
state increasing the transit time. Analysis also provides
a unified interpretation of models with field- or carrier-densi-
ty dependence on mobility.

Keywords: capacitance - charge carrier injection - electron transfer - impedance spectroscopy - mobility - transport in organic materials

1. Introduction

In recent times, electronic devices based on light-emitting
diodes (LEDs) have triggered increasing widespread ap-
plication of the so-called LED technology for displaying
information (e.g., light indicators and panel displays) or
even for a promising low-cost general illumination.! Par-
ticularly, Western countries are currently phasing out
light bulbs due to energetic needs.”) The appearance and
ongoing development of complementary or alternative or-
ganic light-emitting diodes (OLEDs) has attracted global
research interest to achieve low-consumption devices.*™!
OLED technology represents a promising light source for
general space illumination, since white OLEDs have al-
ready reached a value of 90 lumens per watt (Im W),
surpassing the benchmark of fluorescent tube efficiency
(60-70 Im W")." Low-cost manufacturing processability,
large areas, and flexible displays with good quality of
vision independent of the angle may be achieved.?®!

The performance of organic electronic devices strongly
depends on the physical processes taking place either at
the metal-organic interface (i.e., injection) or in the bulk
semiconductor (i.e., transport and recombination).”!*
The latter phenomena are closely related to charge-trans-
port mobility in disordered organic materials, which is ac-
tually the crucial parameter governing device opera-
tion.'”l Moreover, transport in organic layers, driven by
space—charge limited current (SCLC),!"?!! requires an ad-
ditional interpretation of mobility by different semiempir-
ical models with field or density dependence./”>*

From an experimental point of view, the measurement
of mobility is commonly performed through the study of
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transit times (i.e., the time needed for carriers to cross
a sandwiched sample from electrode to electrode) in
a wide range of methods available in the literature: time-
of-flight, transient electroluminescence, dark injection,
and impedance spectroscopy (IS) among others.?**!

IS has been used in the analysis of organic and hybrid
devices, such as dye-sensitized solar cells (DSSCs) and or-
ganic solar cells.’!! There are several advantages to this
technique for the determination of device parameters and
characteristics. (i) It is a small perturbation and noninva-
sive method that can be applied under any operating con-
ditions and thicknesses of the device, so that the depend-
ence of parameters on voltage, for example, can be
scanned. (ii) It allows for the simultaneous determination
of several characteristics, such as capacitance and trans-
port resistance. This allows the carrier distribution in the
device to be probed at the same time as kinetic informa-
tion about carrier displacement is obtained.*'=

In the case of single-carrier transport in which SCLC
predominates, traditional IS theory shows a simple corre-
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lation of the capacitance step (as a function of frequency)
with a step in the conductance that allows the transit time
to be extracted. In reality, however, IS measurements in
organic transport layers show much more complex char-
acteristics,”3>%! especially due to the energetic disorder
of the localized states in the band gap (traps).’” ! Re-
cently, a series of works have reported simulation and in-
terpretation of the influence of traps in the IS response of
organic layers.”” =% It was also shown that a trapped-
controlled transport, based on SCLC multiple trapping af-
fected by an exponential distribution of traps, was able to
explain the interconnection between the field- and densi-
ty-dependent mobility models.***! In addition, the meas-
urements of capacitance spectra from IS, especially at low
frequencies, were reproduced by this trap-controlled
transport framework.?***! This review provides a sum-
mary of these findings, with an emphasis on the interpre-
tation of the observed capacitance spectra in terms of the
behavior of traps, as a tool for the physical understanding
of transport and capacitance in organic layers.

2. Traditional Transport Models

In the 1990s, the field-dependent mobility model was ini-
tially proposed by Bissler, as the result of assuming hop-
ping transport in a Gaussian density of states (DOS).”"¥
H W Bissler not an author of ref. [52], please checkIllll
Random walk with Monte Carlo simulations yielded the
well-known Poole-Frenkel expression [Eq. (1)]:
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in which g is the zero-field mobility for a particular carri-
er species in the material, F is the electric field, and y is
a temperature-dependent material constant. These pa-
rameters are closely related to the degree of disorder.
The field-dependent mobility description in sandwiched
organic films, composed of either conducting polymers
(e.g., poly(p-phenylene vinylene) (PPV) derivatives) or
small-molecule organic semiconductor (e.g., tris(8-hy-
droxyquinolate)aluminum (Alg3)), became widely accept-
ed.’* ! The experimental steady-state response of organ-
ic layers, given by current-density voltage characteristics
(J — V), was treated in terms of a manageable approxima-
tion proposed by Murgatroyd [Eq. (2)]:"**" mEMurga-
troyd not an author of ref. [57], please check Il ll

9
J =~ g% V2 exp (0.897/ \/WI) @)

in which L is the sample thickness and V is the voltage
drop in the bulk layer in SCLC. Fittings to Equation (2)
were carried out to extract mobility parameters in differ-
ent materials.** !

However, the accepted interpretative framework
changed due to breakthrough studies on charge transport
in field-effect transistors. Tanase et al. pioneered a com-
parison of mobility values for two solution-processed or-
ganic polymers, OC,C,,-PPV and poly(3-hexylthiophene)
HEok?H M (P3HT), performed in two different config-
urations, namely, field-effect transistors and hole-only
diodes.’*!l The former structure displayed mobility re-
sults up to three orders of magnitude higher than the
latter configuration. This experimental fact endorsed the
density-dependent mobility model proposed by Vissen-
berg and Matters in amorphous organic transistors, which
stems from hopping percolation in an exponential
DOS.® Thus, the density-dependent mobility is given by
Equation (3):

u(n) = an® 3)

in which a and b are model constants and b is given by
Equation (4):

b=Ti-1 (@)

which is a coefficient that relates the operating tempera-
ture T to the characteristic trap temperature of the expo-
nential distribution 7,. As demonstrated by Arkhipov
et al., hopping transport in disordered materials can be
reduced to a trap-controlled transport composed of an ef-
fective transport level and a broad distribution of local-
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ized states (traps) that only retain mobile charges.!*! The
experimental steady-state response of organic layers,

given by current-density voltage characteristics (J — V),
was analyzed in terms of Equation (5):*/

e 1 l 1 2l+1 1+1 Vl+1
JZeﬂONC(e_Nt) (l+1> (l+1) L2+ (5)

1= (6)

in which e is the elementary charge, / is given by Equa-
tion (6), N, is the effective density of states in the extend-
ed state, and N, is the trap effective density of states. Mo-
bility values have been obtained by fitting current—poten-
tial curves to Equation (5).°

Currently, several authors are considering this frame-
work based on transport through an extended state under
the influence of an exponential density of traps.™ %% In
forthcoming sections, we summarize the main results of
this multiple trapping approach in SCLC studied in detail
in three previous works.?* 47!

3. Trap-Controlled Transport Model

The description of trapping-diffusion transport, typically
considered in electronic devices such as DSSCs, depicts
a homogeneous system that can be analytically
solved.[™ However, trapping-drift transport of charge
carriers, commonly observed in single-carrier diodes and
OLEDs, entails a highly inhomogeneous configuration
along the device thickness that requires numerical solu-
tions. This trap-controlled transport, solved by computa-
tional simulations, comprises four major assumptions in
the model implementation: (1) ohmic contacts, (2) SCLC,
(3) an intrinsic trap-free constant mobility i, and (4)
trapping-detrapping kinetics of an exponential distribu-
tion of traps in the band gap.

Figure 1 shows the configuration of the single-carrier
device. Efficient charge injection of carriers from the
metallic contacts occurs, since metal work functions are
close enough to the transport level and can supply as
many carriers as the material is capable to transport.
Therefore, the so-called bulk-limited regime governs the
performance of the electron-only device instead of the in-
jection-limited one.””! Charge carriers drift by the local
electric field from the injecting electrode to the collecting
contact (i.e., SCLC) under the influence of trapping—de-
trapping kinetics of the exponentially localized states that
only retain mobile carriers*! The interplay between
transport and trapping processes occurring at once criti-
cally determines the electronic characterization of the or-
ganic material as described in the following sections.

Isr. J. Chem. 2012, 52, 1-10
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Figure 1. Schematic energy band diagram of an electron-only
device (a) with a single-trap level and (b) with an exponential den-
sity of traps. Red arrows represent interfacial transport, namely, in-
jection and extraction; the blue arrow is the bulk transport; and
orange and green arrows are the trapping and release kinetics, re-
spectively.

3.1. Steady-State Characteristics

Experimental measurements of J — Vcurves are usually
analyzed to interpret the performance behavior and
charge transport of a wide range of electronic devices,
such as OLEDs,”"! thin-film transistors (TFT),*! and
solar cells (PV)."® In single-carrier organic layers, ordina-
ry experimental data displayed a current density depen-
dent on voltage higher than the well-known Mott-
Gurney ll ok ? ll W square law J o< V2! Thus, the field-
dependent mobility model [Eq. (2)] was initially applied
to properly analyze the results. Later, the density-depen-
dent picture [Eq.(5)] dominated the interpretations to
explain the extra current required along the voltage
range. Simulations of the trap-controlled transport model
(Figure 2) support this framework for a certain voltage
domain because most of the ohmically injected carriers
are mainly located in trapping states (n, > n.). However,
at higher voltages the traps are filled, all additional inject-
ed carriers drift by the transport state (n, < n.), and the
transport model predicts the Mott—-Gurney square law
modified by shallow-trap contribution [Eq. (7)]:1*"

9 V?
J= g geﬂOn F (7)

in which 67'(=1+ (n,)/(n.)) is a carrier density depen-
dent factor of trapped n, and free charge n. located by
the shallow traps.””!

Figure 3(a) illustrates the inhomogeneous distribution
we are dealing with by displaying the Fermi level along
the device thickness at 3 V. In the vicinity of the injecting

www.ijc.wiley-vch.de 131

These are not the final page numbers! 77


http://www.ijc.wiley-vch.de

Review

100 -

10" -

102 o

J(A/em?)

10° 4

104 4

105

Vbias(v)

Figure 2. Simulations of current density-voltage characteristics
(line and scatter plot)

contact, the functional shape is especially abrupt with
a smoother functional dependence in the wide range of
the thickness. In other words, many carriers build up by
the injecting region meanwhile the rest of the carrier den-
sity distribution becomes rather uniform. Therefore, the
assumption of an average Fermi level (Er) makes sense
and simplifies the SCLC multiple-trapping interpretation.
Under this consideration, Figure 3(b) shows the occupied
density of traps in energy, the empty ones, and the occu-

pancy.

3.2. Impedance Response

Experimental measurements of capacitance spectra ex-
tracted from IS are considered a powerful tool to describe
transport properties in electronic devices such as DSSCs
and OLEDs.P#881 Charge-carrier mobility and ener-
getic disorder in the band gap (i.e., localized states or
traps) can be characterized in organic layers. The IS tech-
nique consists of the application of a small alternating
current (ac) harmonic perturbation v,. = v, cos(wt) over
a direct current (dc) steady state of the device operation.
Complex impedance, Z(w) = v,.(®)/i,.(®), can be mea-
sured by means of the ac induced current, i,.. However,
the admittance, Y (w), which is the inverse of the impe-
dance, provides the electrical response of the system in
terms of a resistor in parallel with a capacitor [Figure 4
and Eq. (8)]:1%!

Y(0) = /vy = 8(®) + i0C () ®)

in which w = 27xfis the linear frequency, g(w) is the con-
ductance, and C'(w) is the dynamic capacitance. The rep-
resentation of capacitance in the frequency domain, given
by Equation (9), yields to the capacitance spectra com-
monly studied in experiments,[!> 242 86-85]

Clo)=Re| 7] o)
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Figure 3. (a) Simulations at 3 V of the Fermi level along the thick-
ness (solid line) and average occupancy (dashed line) stemming
from the average Fermi level <E:>. (b) Colored area is displayed
for the average occupied trap density of states (DOS), whereas the
shaded area corresponds to the empty trapping density of states.
Average occupancy is also printed (pink dashed line) together with
average Fermi level <E;:> and transport energy level E_ as referen-
ces.

R=1/g
—

c
Figure 4. Equivalent circuit of bulk transport in an organic layer
defined by IS.

As demonstrated in the literature, there is a strong cor-
relation between the nature of traps lying in the band gap
and the shape of the capacitance spectra.’®*#" First, we
summarize model results of capacitance by analyzing sim-
ulations of a single-trap level. Second, we extend these
ideas from a single to an exponential density of localized
states in the band gap to characterize experimental data.
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3.2.1. Single-Trap Capacitance

The physical interpretation of this situation (Figure 5) is
given in terms of two time processes occurring at once:
transport and trapping—detrapping kinetics. The time
needed for the carriers to cross the sample from electrode
to electrode is the so-called transit time 7 meanwhile
trapping time t,,, is defined by the intrinsic kinetics of
traps. A classification of single shallow traps can be estab-
lished, depending on which phenomenon dominates in
the time domain, that is, which one is faster. Further de-
tails can be found in Ref.*l in terms of the capture coeffi-
cient ¢, which is the crucial parameter governing the trap-
ping activity and stems from the nature of the trap.

Figure 5. Schematic representation of an organic system com-
posed of a transport level E, (blue arrow) and a single shallow trap
that traps and releases carriers (orange and green arrows, respec-
tively). Below the average Fermi level, <E; >, full occupation is ex-
pected.

Figure 6 represents two different capacitance spectra
(i.e., for a slow-shallow trap 7 < 7,, and a fast-shallow
trap 7 > 7,,,) in comparison with the trap-free configura-
tion. For a slow shallow trap, a low-frequency capacitance
increase is observed, whereas there is no shift for a fast
shallow one. However, a shift of the capacitance step-up
occurs for the fast shallow trap and not for the slow shal-
low one. Let us explain both physical behaviors.

Low-frequency capacitance increase occurs when the
trapped charge is not able to achieve a quasi-equilibrium
with the carrier concentration in the transport level, that
is, trapping kinetics cannot follow the small ac voltage
signal. Therefore, this effect is characteristic of a slow
shallow trap, as shown in Figure 7. The trapping time is
larger than the transit one; this ensures that transport be-
comes the dominant process, that is, the fastest one. Ca-
pacitance step-ups define transit times and for slow shal-
low traps, no difference is observed compared with the
trap-free spectrum.

The trap-limited mobility effect occurs when trapping
kinetics are fast enough to follow the small ac voltage
perturbation and the trapped charge can achieve quasi-
equilibrium with the free charges in the transport level.

Isr. J. Chem. 2012, 52, 1-10
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Figure 6. Simulation spectra for shallow traps at 2 V for (a) capaci-
tance, (b) conductance, and (c) differential susceptance. Fast traps
are plotted as pink lines, slow traps as orange dashed lines, and
the trap-free spectrum is shown in black, as a reference. The fre-
quency is normalized to the trap-free transit time, 7, = g‘# (a) Ca-
pacitance spectra normalized to C; for fast and slow traps. A low-
frequency increase is displayed for slow traps, whereas it is not for
the fast ones. (b) Conductance spectra normalized tog, for fast and
slow traps start for low frequencies at 6 = 0.71 instead of at 1, as
in the trap-free spectrum. For high frequencies, 26/3 is reached. (c)
Negative differential susceptance —4B(w) normalized to C, to ex-
tract transit times. In the case of fast trapping, the ac transit time
is T, = 1.367,(ry = 221.6 us) with 07" =~ 1.40, whereas for slow
trapping no deviation from the trap-free value is presented.

Therefore, this feature is characteristic of a fast shallow
trap, as shown in Figure 8. Every capacitance spectrum
makes an upward step from 0.75 to 1 at a certain frequen-
cy. It defines transit times that can be determined by
peaks of susceptance —AB(w). The shift of the capaci-
tance step-ups is closely related to a deviation of transit
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Figure 7. Model representations of capacitance spectra for slow
shallow traps at 6, 4, and 2V (from top to bottom). The trap-free
spectrum is shown in black as a guide to the eye.

times, 7, and thus, to mobility, x4, as given by Equa-
tion (10):1

417
T=3 uv (10)
The trapping time is smaller than the transit one; this
ensures that trapping kinetics becomes the dominant pro-
cess, that is, the fastest one. Carrier transport from elec-
trode to electrode is constantly altered by the action of
fast trapping, causing a delay in transit time, that is, mobi-
lity reduction. The mobility dependence on voltage,
found in IS experiments, can be interpreted in terms of
trap-limited mobility.

1.1

1.0 1

90_9-0 1 2 3
@)
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0.7 Sy
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Figure 8. Simulated capacitance spectra steps for fast shallow
traps at 6 V (t, = 73.8 pus) by varying the trap densities, from left
to right: N, =8 x 10"7,4 x 10",2 x 10",0 cm~3. Upper-left panel
shows an identification of transit times between the model and ac
calculations.
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Beyond this rather simple approach of SCLC transport
of two levels, we extend this analysis to a broad distribu-
tion of localized states: an exponential distribution in the
band gap. By detailed balance arguments, the detrapping
time becomes larger the deeper is the trap. Hence, in the
exponential distribution all types of traps are expected to
be present.

3.2.2. Exponential-Trap Capacitance

The physical scheme of this configuration (Figure 9) con-
sists of a transport state affected by a wide span of traps
located by the energetic band gap. Further details can be
found in Ref!*!. Both slow and fast shallow traps are
present in the distribution, depending on the energy
depth. Trapping—detrapping kinetics intersects carrier
transport and both trapping effects occur, that is, low-fre-
quency capacitance increase and trap-limited mobility.
Fast shallow traps are those close to the extended state
E, and the lowest energy level E; acting as purely fast
can be expressed by Equation (11):

37on) o [<Ec — (Ex))

E, :kBTLn[(CNCLZ T } - 1] + (Ey)

(11)

in which FE; is the limiting level that accounts for trapping
activity, (Ef) is the average steady-state Fermi level, and
E¢ is the transport state. Traps below (Eg) are mainly oc-
cupied, whereas those above are mainly empty. Figure 10
shows a constant capture rate along the band gap, while
the emission rate decreases. Active trap levels, E;, behave
as fast ones in the energy region of E. > E, > E| causing
the trap-limited mobility effect. However, in the energy
region of E; > E, > (Eg) trapping activity starts to gradu-
ally change from fast to slow kinetics, which critically re-

Figure 9. Schematic energy levels of the trap-controlled transport
model. Transport in the extended state (blue arrow) affected by
trapping and release kinetics (orange and green arrows) with fast
trapping between E. and E,. Below the average Fermi level <E;>
full occupancy is expected and between E, and <E;> slow trap-
ping action occurs.
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Figure 10. Trapping coefficients are displayed for the 3 V model
simulation: normalized emission (e/N.) and trapping (c) rates are
represented by colored solid lines. The critical capture coefficient is
given by a dash-dotted line. Reference energy levels are transport,
E.; limit, E.; and average Fermi, <E; >, levels.

sults in the low-frequency capacitance effect of the capac-
itance spectra.

4. Experimental Behavior of Capacitance and
Conductance

To compare the trap-controlled transport model with the
experimental data, a series resistance, due to the metallic
contacts, is added to the equivalent circuit shown in
Figure 4 for computer calculations. The series resistance
is responsible for an abrupt cutoff at high frequencies in
the capacitance spectra. Model simulations carried out on
a thin-film organic layer at different voltages (Figure 11)
can be interpreted in terms of Equation (11) and results
shown in Figure 10. At lower voltages, the average Fermi
level (Eg) lies low in the band gap along with the limit
level, E;, but the relative position between them must
always remain E; > (Eg). As a consequence, fast shallow
traps belonging to the energy region E. > E, > E; result
in a noticeable trap-limited mobility effect. In addition,
slow shallow traps located by the energy interval
E. > E, > (Eg) produce a strong low-frequency capaci-
tance increase. However, by increasing the applied volt-
age, (Er) moves up, covering more localized states of the
exponential density in the band gap and E; moves up as
well. Therefore, reduced low-frequency capacitance in-
crease and less trap-limited mobility is expected as more
voltage is applied to the bulk material.

Experimental capacitance spectra have been recently
reported that show capacitance increase at low frequen-
cies.[? 3% 42.85. 9091 This behavior has sometimes been in-
terpreted in terms of a frequency-dependent mobility.*>!

Isr. J. Chem. 2012, 52, 1-10
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Figure 11. Model representation of capacitance spectra at voltages
ranging from 3 to 7 V.

Representative measurements from a thick film of 2-
naphthalen-1-yl-5-phenyl-1,3,4-oxadiazole Il lpl ? M (o-
NPD) by Nguyen et al.’ are shown in Figure 12. The
trends in the data can be understood based on the multi-
ple-trapping features described above.’** When more
voltage is applied to the device, the capacitance spectra
exhibit reduced low-frequency capacitance increase and
less trap-limited mobility in accordance with our model.
Particularly, the latter characteristic can be observed
from the transit-time frequencies at different voltages.
When more voltage is applied, the capacitance step-up
appears closer to the preceding one. Therefore, less devia-
tion in transit times occurs by increasing the voltage, that
is, less trapping action that accounts for mobility reduc-
tion is present.

5. Interconnection between Transport Models

In the measurements of the SCLC transport in disordered
organic semiconductors, it is often observed that charge-
carrier mobility depends on bias voltage. The two contin-
uous models applied for the description of this depend-
ence were described in Section 2. One interpretation as-
sumes that carrier mobility is dependent on the local elec-
tric field. However, in the other one, mobility is carrier-
density dependent.”®*”) The latter interpretation is equiv-
alent to the trap-controlled transport composed of a trans-
port level affected by multiple trapping of an exponential
density. The application of the IS technique, to this
framework to determine mobility parameters [Eq. (1)]
demonstrated that the apparent field dependence of mo-
bility can be merely understood in terms of the trap-con-
trolled transport model alone.*’! The trap-limited mobili-
ty effect is responsible for the bias-voltage dependence of
mobility. Applying more voltage reduces the trap limita-
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Figure 12. Experimental (a) capacitance, C, and (b) conductance,
G, of a hole-only a-NPD device as functions of the modulation fre-
quency, f, for applied dc voltages, V,, between 3 and 10V at room
temperature. The inset shows C as a function of f in the low-fre-
quency range (0.1-103 Hz) for the same applied dc voltage values.
Reprinted from Ref. [39] with permission from The American Physi-
cal Society.

tion of mobility due to less fast traps acting as such in the
exponential density (Figure 13). Therefore, the value of
mobility becomes higher at increasing voltage.

6. Summary and Outlook

We have provided a unified description of charge trans-
port of injected carriers in disordered organic materials.
Trap-controlled transport is understood in terms of SCLC
under the trapping—detrapping kinetics of an exponential
density of traps in the band gap. Computational simula-
tions reproduce the behavior of experimental capacitance
spectra. Low-frequency capacitance increase is attributed
to slow traps and mobility dependence on voltage stems
from the concept of trap-limited mobility caused by fast
traps. Both the depth of the traps and the kinetic coeffi-
cients of trapping play a significant role in the measured
features. IS therefore appears to be a major tool to char-
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Figure 13. Model representation of mobility versus F by the IS
technique for different capture coefficients: c=7x10""3, c=4x
1072, ¢=9%x10"*cm’/s, from top to bottom. Mobility fittings
range from 1.6x1077 cm?/(Vs)>u,>4.8x108cm?%(Vs) to 1.1.x
1073 (em/V)'"? <y < 2.2x 1073 (cm/V)'"?

acterize both trap distributions and the voltage depend-
ence of mobility in organic layers. Further work is re-
quired to provide deconvolution from the measurements
of capacitance (IS data) to the intrinsic characterization
of the material, that is, the trap distribution and trap ki-
netics. This research task would allow a full description,
as a function of the applied voltage, of the transport and
charge accumulation features in organic layers.
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