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The ac impedance characteristics of a single carrier with space-charge limited current (SCLC) transport in
organic layers with field-dependent mobility is analyzed, indicating the similarities as well as the differ-
ences to the constant mobility case. The model provides capacitance spectra and transit times from differ-
ent calculation methods, in relation to the electric field distribution in the SCLC regime. It is found that
the low frequency capacitance lies in the range 3C,/4 < C;; < C,, with respect to the geometric capacitance
C,. An approximated expression for the variation of the transit time with applied bias is derived, in good
agreement with exact calculations. Experimental results of capacitance spectra of hole-only PPV devices
indicate the validity of the SCLC model but also show a strong contribution of trapping at low frequencies
that overlap the low-frequency value of the SCLC capacitance.
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The ac impedance characteristics of a single carrier with space-charge limited current (SCLC) transport in
organic layers with field-dependent mobility is analyzed, indicating the similarities as well as the differ-
ences to the constant mobility case. The model provides capacitance spectra and transit times from differ-
ent calculation methods, in relation to the electric field distribution in the SCLC regime. It is found that
the low frequency capacitance lies in the range 3C,/4 < C;; < C,, with respect to the geometric capacitance
C, . An approximated expression for the variation of the transit time with applied bias is derived, in good
agreement with exact calculations. Experimental results of capacitance spectra of hole-only PPV devices
indicate the validity of the SCLC model but also show a strong contribution of trapping at low frequencies
that overlap the low-frequency value of the SCLC capacitance.
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1 Introduction

Organic materials are being investigated to develop modern optoelectronic devices such as organic field
effect transistors, organic solar cells and organic light emitting diodes (OLEDs) by simple spin-coating
techniques. In these devices the charge injection and transport determines to a large extend their per-
formances. If carriers can easily overcome energy barriers at the interfaces (anode and cathode), the
current should be bulk-limited and not injection-limited. In this situation, the ohmic regime has a narrow
initial dominium (milivolts) whereas space-charge limited current (SCLC) regime dominates widely the
charge transport within the organic layer. In a dual carrier device (in which both holes and electrons are
injected) it is complicated to derive independent transport parameters for the separate electronic carriers.
To overcome this hurdle hole-only devices can be prepared by using a high workfunction cathode that
prevents the injection of electrons. These devices exhibit an unipolar current that is SCL as well.

SCLC regime is often observed in the current density—potential (J—¥) characteristics of polymer light
emitting diodes (PLEDs). The ac impedance measurement has the advantage that it provides additional
information, i.e. capacitance and transit time, with respect to dc methods, and some authors have applied
these methods to obtain parameters governing single carrier transport in organic layers [1—5]. These
works apply the standard SCLC impedance model that is valid for constant mobility [6, 7], in some cases
extended with a dispersive (frequency-dependent) mobility [1, 2] and for bipolar devices [1, 3—35, 8].
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It is well established that in organic layers the mobility depends on the local electrical field £ as [9—13]
u(E) =y exp (yVE), )

where x4, denotes the mobility of electrons or holes at zero field and y is the parameter describing the
field dependence [14]. Many studies have shown that Eq. (1) produces a dramatic change of the depend-
ence of steady-state current—potential characteristics. It is therefore likely that the field-dependent mo-
bility introduces significant changes in the ac impedance model of SCLC. To our knowledge, only Ber-
leb and Briitting have considered this effect [2], but their study is not completely correct, because they
fail to include the modulation of the field in the expression of the mobility, see Eq. (12), below. Here we
provide the solution to this problem and discuss the characteristics of ac impedance of a single carrier in
SCLC, with a view to the interpretation of capacitances and transit times in PLEDs and other organic
electronic devices. Steady-state and capacitance measurements of hole-only devices are discussed as
well, to check the application of the model. A recent study by Coehoorn et al. [15] takes all the relevant
aspects into account, however they consider a density-dependent mobility, with an exponential distribu-
tion of traps, and they are able to produce an analytic solution for the impedance. Their study and ours
may be regarded as complementary, covering the most important expressions generally used to describe
variations of the mobility in organic layers.

2 Theory

2.1 AC Impedance and capacitance spectra

The SCLC for unipolar transport (neglecting diffusion) is described by the continuity equation, the drift
and displacement current equation and the Poisson equation, respectively:

dJ

=0 2
J = p(3) el E) +6 22 3)
€ dE(x) _

D _ ), 4

where p(x) is the carrier density at position x, & = &y, the permittivity of the polymer, and e the positive
elementary charge. The collecting contact is at x = L. The electric potential relates to the electric field as

V:jde. §))

0

The impedance is defined as the quotient of potential to current density
Z(@)=V(0)/j(@), (6)

where the tilde denotes a small ac perturbation of angular frequency @ over a steady-state. The fre-
quency-dependent capacitance is defined as

C'(w)=Re[lliwZ(w)]. (7
The impedance model for SCLC with a constant mobility is well known [6, 7] and it has the expression
6

Z@= O |1mion, 4 Gory e | ®
gO (ICOT" ) 2
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where
4 I
z-tr = > (9)
3 IUVdc
9 . Ve _dis
=—g = 10
8o 4 Ho L dr, (10)
&
C,=—, 11
£ =7 (11)

are the transit time, dc conductance and geometrical capacitance, respectively. The capacitance obtained
from Eq. (7) takes the value of the geometric capacitance C, at high frequencies, and at the frequency of
the transit time, 7,,, decreases to 3C,/4 towards low frequencies.

Let us consider the ac impedance model of SCLC for a single carrier with field-dependent mobility as
stated in Eq. (1). It is formulated separating the stationary components from the small perturbation ac
parts in the drift equation. The mobility dependence on the field implies, up to first order, the following

expression

. du
HE,+E)=p(E)+ S E. (12)

Therefore we obtain the equation
Jdc,+j:e[pdn+}a]l:/u(Ed&,)+g%EAi|[Edu+E]+lng (13)

The zero order gives the steady state equation
Jdc = pdce/u(Edc) Edc . (14)

In combination with Eq. (1), the J(V') dependence from this last equation has been recently solved in a
parametric form [16, 17] and corroborates the very accurate explicit approximation of Murgatroyd [18]:

J = % % p2 et (15)

The small signal terms in Eq. (13), in combination with Poisson’s equation, provide the equation

= epn (B v (B By O+ ik (16)
X
where
) d
H(Ey)=p +8%Edc
(17)

— |1+ 2 VB, |exp (1E):

The impedance is obtained from the solution of Eq. (16) with respect to ¥, which is obtained numeri-
cally. Figure 1 shows capacitance spectra at different bias potentials. In contrast to the constant mobility
case, the shape of the spectra depend on the stationary operation point. The transition from low (Cj;) to
high frequency (C,) value is displaced to higher frequency at higher bias potential, indicating a reduction
of the transit time. In addition, the low frequency capacitance increases with applied bias and its values
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Fig. 1 (online colour at: www.pss-a.com) Simulations
1.00 == . — s —— of capacitance spectra of a single carrier injected into an
organic layer of thickness L =125 nm with parameters
0.95 1 Uy =4.6x107 cm®/Vs, y=54x10"(cm/V)"?, ¢ =3
and for different applied bias.
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are higher than 3C,/4. For the high frequency regime, capacitance amounts to C, as in the constant mo-
bility case. In an early study [19], the values of low frequency capacitance are found to be sensitive to
the specific dependence of mobility on the local field, although the characteristic formula Eq. (1) for
organic conductors was not described at that time. The origin of the low frequency capacitance being
lower than C, is discussed by Kassing [20] in terms of three contributions to the capacitance that arise in
Eq. (16): velocity modulation, density modulation, and a displacement term, respectively. It is notewor-
thy that in the study of Coehoorn et al. [15] with density-dependent mobility, the low frequency capaci-
tance is lower than the constant mobility case value, i.e., C; <3C,/4, while for Eq. (1), we have remaked

that it is always 3C,/4 < C; < C,.

2.2 Transit times

The dc transit time is obtained integrating the reciprocal of the drift velocity as:

L

1
Tudc—_([mdx- (18)

A lower transit time is expected with respect to the constant mobility case because carriers drift velocity
is increased with the exponential dependence of the mobility on the field.

Figure 2 shows the electric field distribution for a given bias potential in different cases:

—y =0 describes the constant mobility electric field distribution.

—y =y, describes the field-dependent mobility electric field distribution for characteristic y values.

—y =6xy, describes the field-dependent mobility electric field distribution for extreme y values.

As shown in Fig. 2, when the mobility increases rapidly with the field, the field increases more slowly
towards the extracting contact. Since carriers mobility is increased by their field-dependence, more of
them can penetrate in the material and establish a larger carrier distribution with regard to the constant
mobility case. In order to maintain a constant current, Eq. (2), the system reacts decreasing the electric
field. This causes the electric field distribution with a stronger field-dependent mobility to approach a
uniform electrical field. Therefore, we can apply the following approximations in order to obtain a sim-
plified expression for the transit time. Assuming

JEG) =VIL, (19)

Eq. (1) becomes a field-independent mobility with a correcting exponential factor,

p(E) = py exp (yVVIL). (20)
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Finding the stationary solution for the system of Egs. (2)—(4) with Eq. (20), we obtain the well known
Child’s law and electric field distribution in space with the corrected constant mobility by using the same

derivati

Replacing the current, Eq. (21), in Eq. (22), we obtain

on as for constant mobility [21]

9 y?
ngg,uo exp[j/\/V/L]F,

1/2

2Jx

oo oxp [ VL]

E(x) =

AN

3
E(x) = EWiE

Substituting Eqs. (20) and (23) in Eq. (18) and integrating, we arrive at

= L
g o exp[yM]V’

@1

(22)

(23)

24

which is simply the classical expression for transit times with constant mobility, Eq. (9), including an
exponential dependence due to field-dependent mobility.
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Fig. 3 (online colour at:

www.pss-a.com) Transit

times of a single carrier in an organic layer with differ-
ent integrated expressions described in the main text.
Deviation from the constant mobility case is shown.
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In Fig. 3 the dc-transit times have been represented using different formulas: Constant mobility transit
time, Eq. (9); the field-dependent mobility transit time, Eq. (18), and the approximated expression of
field-dependent transit time, Eq. (24). The results in Fig. 3 show that the dc transit time with a field-
dependent mobility departs strongly from the constant mobility transit time. In addition it is observed
that Eq. (24) gives an excellent approximation to the exact dc transit time in Eq. (18).

As mentioned above, the time needed for carriers to cross the device thickness can also be obtained
from the frequency of change of capacitance spectrum in the transition form high to low frequency val-
ues. For low frequencies, ac-carriers injected have enough time to reach the opposite electrode under the
influence of background dc electric field and the capacitance has a low value. Increasing the voltage
modulation, ac-carriers can not keep up with the signal at a critical frequency that marks the capacitance
step. A common method to define an ac-transit time consists in analyzing the change of susceptance
—AB =-w(C’ - C,) which gives the critical frequency at the maximum of the susceptance plots [3, 4].
The ac-transit time is given approximately by

Tpe =072 fi!

actr max

(25)

Figure 4 shows the calculated susceptance spectra at different bias values for characteristic mobility
parameters z,, . Using Eqgs. (24) and (25) we can obtain mobility values g, exp [7/\/ V/L] from the

peak frequency and compare them with the originally postulated values. This is shown in Fig. 5. The
results indicate that expressions (24) and (25) are suitable for derivation of the mobility from ac imped-
ance data.

In order to further test the suggested approximations, rather high y and bias-potential values
7\/f =20 are used to generate a set of transit times. These values are expected to provide a very strong
departure from the field-independent mobility expressions. Figure 6 shows transit times provided by the
ac method from susceptance peaks, Eq. (25), by the dc integrated expression, Eq. (18), and by the postu-
lated approximated expression, Eq. (24). It is observed that the different methods provide similar values
and the same bias-dependence of the transit time, even in this extreme case simulation, though the differ-
ent values are offset by a factor 2—4.

2.3 Trapping effects

Trapping and subsequent release of charges from trap states result in an additional contribution to capaci-
tance at low frequencies [7]. For a single trap level with a relaxation time ,,, the frequency dependence
of the excess capacitance is given by

(26)

-AB (S)

Fig. 4 (online colour at: www.pss-a.com) Susceptance
spectra for a single carrier in an organic layer of thick-
ness L =125 nm, calculated numerically with parameters
1y =4.6x107 cm*/Vs, y=5.4x10" (cm/V)"?, & =3,
with different values of applied bias potential as indi-
10 i . i cated.

f (Hz)
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0 5 Fig. 5 (online colour at: www.pss-a.com) Mobility
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i.e., the capacitance due to trapping increases and saturates at low frequencies (@ < r“ap*l). At higher
frequencies the release rate from the traps can not keep up with the voltage modulation and the contrib-
ution due to trapping becomes negligible.

3 Experimental

Hole only devices of the well known polyphenylenevinylene (PPV) co-polymer “super yellow” (SY),
kindly donated by Merck OLED Materials, are prepared by spincoating a filtered solution of SY in tolu-
ene on extensively cleaned and UV-Ozone treated ITO covered glass plates under cleanroom conditions
in ambient atmosphere, after which they are transferred to in an inert atmosphere chamber (<0.1 ppm O,
and <0.1 ppm H,0) and heated for 1 hour at 80 °C. Subsequently they are transferred to a vacuum cham-
ber integrated in a N, atmosphere. To remove any adsorbed moisture from the organic surface, the films
were evacuated to a high vacuum of <107° mbarr for several hours. After this procedure Au was evapo-
rated at high vacuum. The thickness of the SY film was determined to be 80 nm using an Ambios XP1
profilometer. Current density—potential (J-V) characteristics and impedance spectra were collected using
an AutoLab PGSTAT30 equipment. An oscillating amplitude of 10 mV was added to the dc bias using
frequencies within the range of 1 MHz down to 1 Hz. All measurements were performed in inert atmos-
phere (<0.1 ppm O, and <0.1 ppm H,0).
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Fig. 7 (online colour at: www.pss-a.com) Experimental re-
sults (points) of current versus voltage in a hole-only device
with L = 80 nm. The line is a fit using the formula of Murga-
troyd in the SCLC regime with a built-in voltage V,; =0.5 V.

Log I(A)

V,

Vi (V)

bias” " bi

4 Results and discussion

A representative experimental J—V curve of a device (L =80 nm, active area 9.5x 107> cm?) is shown in
Fig. 7 and it is very well described by Eq. (15), indicating a field-dependent mobility. The fit of the data
provides the mobility parameters (z, =1.73x107 cm*/Vs and y =1.91x107° (cm/V)"?). Using these
values and extracting the permittivity (&, = 2.34) from the maximum value of the high frequency capaci-
tance, see Eq. (11), capacitance spectra have been generated and compared with the experimental data as
shown in Fig. 8. It is observed that the measured spectra display the onset of the geometric capacitance
value at the frequencies predicted by the theory, which gives a confirmation of the applicability of the
SCLC impedance model that has been proposed above. Two deviations are observed between experi-
mental curves and the model proposed, which are due to additional effects that were not included in this
model. On the one hand, the high frequency part of the capacitance exhibits a pronounced frequency
dependence, in contrast with our assumption of a constant geometric (dielectric) capacitance. The dielec-
tric response of disordered polymers is known to be modeled by using empirical relaxation functions
[1, 22] that account for the slight decrease in the capacitance value. Such effect is then dielectric in nature
and so it is not considered in our ac transport model. We have used a permittivity value corresponding to
the maximum reached by the capacitance spectra in the simulation shown in Fig. 8. It has been verified
that the transit frequency is not much affected by the permittivity value used around 2. On the other
hand, a strong contribution of traps, is appreciated at low frequency in the experimental data. This fact
prevents us from observing the low frequency value of the capacitance, which would be an interesting

50
—a— 2V
— 2V
45 a3V
3V
40 1 av
(\’g 4V
S 351
L
= . .
O 30 Fig. 8 (online colour at: www.pss-a.com) Experimental re-

sults of capacitance spectra at different bias potentials ranging
o5 4.:.?‘:‘:' from 2V to 4V (line and scatter plots) with their respective
eoooeoe®? »  numerical calculations of the SCLC capacitance using the
20 | /’*‘ parameters from the fit in Fig. 7 (line plots). An offset of
= 6 nF cm™ between every curve has been made in the picture.
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additional check of the mobility dependence on electrical field as described above in the theory section.
Nevertheless these results show that it is possible to evaluate the ac transit time from capacitance data as
a function of the frequency.

5 Conclusions

The transit time of a single carrier in SCLC with field-dependent mobility has a lower value than in the
constant mobility case, as one would expect, due to the increase of the drift velocity, and it depends
strongly on the polarization. Furthermore the mobility dependence on the field tends to flatten the elec-
trical field towards a constant value, which allows us to provide a simplified formula for the dc transit
time that is in good agreement with the exact value. Experimental capacitance spectra of single carrier
devices can be predicted numerically and describe well the capacitance step in the measured spectra,
however the latter contain a strong contribution at low frequencies due to trapping and release of carriers
and also frequency dispersion in the dielectric capacitance of the polymer.
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