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The selection of circuit model (i.e., parallel or series model) is critical when using a capacitance–frequency and
capacitance–voltage technique to probe properties of organic materials and physical processes of organic optoelectronic
devices. In the present work, capacitances of ITO/Alq3/Al and ITO/CuPc/Al are characterized by series and parallel model,
respectively. It is found that the large series resistance comes from the ITO electrode and results in the inapplicability of the
parallel model to measuring the capacitances of organic devices at high frequencies. An equivalent circuit model with con-
sideration of the parasitical inductance of cables is constructed to derive the capacitance, and actual capacitance–frequency
spectra of Alq3 and CuPc devices are obtained. Further investigation of temperature-dependent capacitance–frequency
and capacitance–voltage characteristics indicates that CuPc and Al form the Schottky contact, the density and ionization
energy of impurities in CuPc are obtained. Moreover, more practical guidelines for accurate capacitance measurement
are introduced instead of the impedance magnitude, which will be very helpful for the organic community to investigate
capacitance-related characteristics when dealing with various organic optoelectronic devices.

Keywords: organic semiconductor, capacitance characterization, Schottky contact, ionization energy
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1. Introduction

In the field of organic semiconductors, capacitance–
frequency (C–F), and capacitance–voltage (C–V ) methods
are widely used to study their properties, including doping
density,[1–4] deep trap states,[5–7] carrier mobility,[8–10] etc.
A common issue in these studies is the selection of a circuit
model (i.e., parallel or series model), which is critical to the
accurate determination of the device capacitance. Figure 1(a)
shows the small-signal equivalent circuit for capacitance mea-
surement. In this figure Rp0 represents the parallel resistance,
Rs0 the series resistance, and C the capacitance, and Rp0 is ex-
pected to be quite large and Rs0 quite small for most capacitive
devices. When performing the measurement, the LCR meter
basically measures the module and phase of impedance via
LCR bridges, and then they are calculated by using the cor-
responding parameters according to the model selected. As
the information contained in impedance (real and imaginary
parts) can be transformed into two equations only, thus their
solution contains neither more nor less than two parameters,
i.e., the circuit model should comprise two elements only, this
is why the approximate model has to be chosen instead of the
model shown in Fig. 1(a). For the frequencies at which Rs0

is negligible compared with large capacitive impedance, the
parallel model shown in Fig. 1(b) is a good approximation of
the equivalent circuit, where Rp and Cp represent the parallel

resistance and the capacitance, respectively. While for the fre-
quencies at which Rs0 is comparable to capacitive impedance,
it is an un-negligible voltage divider, in such a case the se-
ries model shown in Fig. 1(c) is the most accurate approxi-
mation, where Rs and Cs represent the series resistance and
the capacitance, respectively. In the field of inorganic semi-
conductors, a parallel model is used to investigate the capac-
itance properties of devices, as the series resistance is negli-
gible compared with capacitive impedance in the frequency
range of interest (10 Hz–1 MHz), and this model is directly
adopted by the organic community.[7,9,10] Few researches have
examined the validity of employing a parallel model to mea-
sure the capacitance of organic optoelectronic devices except
Carr’s report;[11] they pointed out that the impedance magni-
tude should be monitored and correspondingly employed an
appropriate model. In brief, the parallel model should be se-
lected within lower frequencies, and the series model within
higher ones due to the large series resistance. Though their
analysis and suggestions are reasonable, they are not com-
pletely convincing without ascertaining the origin of series re-
sistance, and corresponding researches are lacking so far. Be-
sides, some reports have mentioned that resonance appears in
the C–F spectrum and prevent the analysis at high frequen-
cies (usually above 100 kHz).[7] To further study and elucidate
these issues, two types of organic materials, CuPc and Alq3,
which are commonly used in organic optoelectronic devices
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are employed and their distinct C–F and C–V characteristics
are investigated in the present work.[12–15] The origin of large
series resistance is confirmed, moreover, general guidelines
for model selection and accurate capacitance measurement of
organic devices are introduced, especially for those with ITO
electrodes.
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Fig. 1. (a) Small-signal equivalent circuit. (b) Parallel approximation of
equivalent circuit (parallel model). (c) Series approximation of equiva-
lent circuit (series model).

2. Experimental methods
In the present study, all the devices were fabricated us-

ing the method described elsewhere.[16] Commercial materials
Alq3 and CuPc with purity > 99% were used without further
purification. Capacitance properties of the devices were mea-
sured with a programmed HP 4284A LCR Meter. A parallel
model was chosen to measure the C–V characteristics of de-
vices; the ITO side was positively biased with respect to the Al
side and the corresponding frequency of AC bias modulation
was 1 kHz. Excepting C–V measurement, all impedance mea-
surements were performed without external bias voltage. Dur-
ing the measurement, devices with structure of ITO/organic/Al
and effective size of 4 mm×4 mm were placed in a dark liq-
uid nitrogen Dewar bottle with a temperature controller; the
temperature was 297 K unless otherwise specified.

3. Results and discussion
Firstly, series and parallel models are used to measure the

C–F characteristics of ITO/Alq3 (200 nm)/Al and ITO/CuPc
(310 nm)/Al, and the results are shown in Fig. 2. For the Alq3

device, Cp keeps almost unchanged at frequencies in a range of
40 Hz–30 kHz, and it turns to decrease rapidly with increasing
frequency in a range of 30 kHz–1 MHz. But Cs keeps un-
changed in a wider frequency range of 40 Hz–300 kHz, and
it increases slowly with increasing frequency in a range of
300 kHz–1 MHz. For the CuPc device, Cp decreases slowly
with increasing frequency in a range of 40 Hz–10 kHz, and it
turns to decrease rapidly with increasing frequency in a range
of 10 kHz–1 MHz, while Cs decreases slowly with increas-
ing frequency in a range of 40 Hz–600 kHz, and it turns to
increase with increasing frequency in a range of 600 kHz–
1 MHz. At low frequencies, Cs and Cp are equal for each
device, and the capacitance of the Alq3 device exhibits a flat
frequency response, which indicates that the ITO/Alq3/Al de-

vice is an ideal parallel plate capacitor. However, at high fre-
quencies, the difference between Cs and Cp is apparent for
each device, the higher the frequency, the bigger the differ-
ence is. As illustrated by the equivalent circuit in Fig. 1(a),
at low frequencies, capacitive impedance is much larger than
Rs0 and Rp0 is expected to be quite large, thus Rs0 is negligi-
ble and capacitive impedance dominates the impedance of the
circuit. As the capacitive impedance decreases with increas-
ing frequency, it fails to dominate the characteristics of the
circuit impedance when it is comparable to Rs0, and the par-
allel model is no longer an accurate approximation as Rs0 is
not negligible. Thus an apparent difference between Cs and
Cp is observed. With frequency further increasing, capaci-
tive impedance becomes negligible compared with Rs0 and Rs0

will dominate circuit impedance, the impedance will exhibit a
flat frequency response. The capacitance reveals the intrinsic
nature of the material or device, and it should not vary with
model selection, but the fact is not so, thus the applicabilities
of two models should be examined.
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Fig. 2. (color online) Curves of C–F characteristics versus frequency
of ITO/Alq3 (200 nm)/Al and ITO/CuPc (310 nm)/Al, with Cp and Cs
being the capacitances measured under parallel and series model, re-
spectively. Inset shows the equivalent circuit model with consideration
of parasitical inductance of cables, and C is calculated from data mea-
sured under parallel model according to Eq. (1).
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Fig. 3. (color online) Plots of Z–F characteristics of ITO/Alq3
(200 nm)/Al, Al/Alq3 (110 nm)/Al, ITO/CuPc (310 nm)/Al, and cables.

For further investigation, the impedance–frequency (Z–
F) characteristics of two devices are measured and shown in
Fig. 3 with coordinate axes being logarithmically scaled. As
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shown in Fig. 3, for both devices, the impedance decreases lin-
early with frequency in a range of 40 Hz–100 kHz, and it con-
tinues to decrease with frequency but deviates from linearity
in a range of 100 kHz–1 MHz, the higher the frequency, the
more slowly the impedance decreases with frequency in this
region. It almost does not change when frequency approaches
to 1 MHz, and the corresponding value is about 132 Ω. Notice
that the impedance values of two different devices approach
nearly to the same value at 1 MHz. The slopes of linear fitting
of log |Z|− logF in a range of 40 Hz–100 kHz are about−0.99
and −0.94 for Alq3 and CuPc devices, respectively, in ac-
cordance with the characteristic of capacitive impedance, i.e.,
|Z| ∝ 1/F , which indicates that devices are capacitive. When
frequency approaches to 1 MHz, the frequency-independent
impedance strongly indicates that a resistance exists. Accord-
ing to the circuit shown in Fig. 1(a), this resistance is just the
Rs0, and its value is 132 Ω. The two electrodes of the device
are ITO and Al, respectively, but the resistances of the Al elec-
trode and cables are quite small: they are negligible compared
with high Rs0 of 132 Ω, thus it (i.e., impedance at high fre-
quencies) must come from ITO. To confirm this, the device
with a structure of Al/Alq3/Al is fabricated, its Z–F relation-
ship along with that of cables are also shown in Fig. 3. The

impedance of the Alq3 device decreases linearly with increas-
ing frequency in the whole frequency range with substitution
of Al for ITO, which indicates that the large Rs0 indeed comes
from ITO. The impedance of cables does not change with fre-
quency in a range of 40 Hz–300 kHz and its value is about
5.7 Ω, while it begins to increase with increasing frequency
in a range of 300 kHz–1 MHz; this means that the parasitical
inductance of cables takes effect at high frequencies. The Z–F
characteristic of cables indicates that the resistance of cables
which contributes to series resistance is about 5.7 Ω; once the
frequency exceeds 300 kHz, parasitical inductance begins to
affect the characteristic of impedance. As shown in Fig. 3, at
higher frequencies the impedance of cables is comparable to
that of the Al/Alq3/Al device, thus the influence of the parasit-
ical inductance of cables cannot be neglected.

Taking the parasitical inductance of cables into account, a
new equivalent circuit model without approximation is estab-
lished and shown in Fig. 2 (the inset). As Rs0 and parasitical
inductance can be measured or calculated from the Z–F re-
lationship at high frequencies, the actual capacitance can be
directly calculated from the data measured under the parallel
model according to

C =
L+CpR2

p +C2
pR2

pLω2

−2RpRs0 +R2
s0 +L2ω2 +R2

p[1+2CpLω2 +C2
pω2(R2

s0 +L2ω2)]
, (1)

where L is the parasitical inductance and ω is the angular
frequency. The capacitance of ITO/Alq3 (200 nm)/Al and
ITO/CuPc (310 nm)/Al calculated according to Eq. (1) is
shown in Fig. 2. The capacitance of the Alq3 device ex-
hibits almost a flat frequency, while that of the CuPc device
decreases with frequency in a range of 40 Hz–1 MHz. Note
that the influence of cables can be eliminated by performing
open-short compensation,[17] in such a case its resistance con-
tributing to series resistance and parasitical inductance (L in
the inset of Fig. 2) are both zero, and the series model will be
an appropriate approximation at high frequencies.

The C–F characteristics of Alq3 and CuPc devices are
quite different. The capacitance of the Alq3 device exhibits
almost a flat frequency, which is a typical characteristic of a
capacitor and means that Alq3 is an ideal insulating dielectric.
For the CuPc device, however, its capacitance is frequency
dependent; this phenomenon has been reported in many re-
ports about inorganic and organic semiconductors, and it is
related to the temperature-dependent properties of impurities
or defects.[18–21] Thus the C–F characterizations of the CuPc
device are carried out at different temperatures and the results
are shown in Fig. 4. Each capacitance decreases with increas-
ing frequency in the range of 40 Hz–1 MHz for the temper-
atures above 79 K. However, it almost does not change with

frequency at a temperature of 79 K. The higher the tempera-
ture, the larger the variation with frequency will be, e.g., the
capacitance decreases from 6.14 nF to 3.06 nF as frequency
increases from 40 Hz to 1 MHz, which is nearly a half re-
duction. The capacitance at low frequency increases a lot as
temperature increases due to the enhanced thermally activated
free carriers. But at high frequencies, free charge carriers can-
not respond, and the capacitance begins to decrease quickly, so
the rate of reduction of capacitance becomes larger as tempera-
ture increases. The capacitance also shows strong temperature
dependence, e.g., it increases from 2.54 nF to 6.02 nF as tem-
perature increases from 79 K to 297 K at frequency 100 Hz,
which is about a 137% increase. The frequency dispersion of
capacitance can be explained by the hole emission and capture
process of impurities, which is characterized by the ionization
time and it decreases with temperature increasing.[18–21] When
the process is able to keep up with the variation of AC bias
modulation, i.e., the ionization time is much shorter than the
period of the AC modulation signal, the capacitance does not
change in a certain frequency range. But when the frequency
is beyond that range it will not be able to respond to the AC
signal timely, resulting in the capacitance decreasing with fre-
quency increasing. With frequency further increasing, it will
not respond to modulation and capacitance will not change

067202-3



Chin. Phys. B Vol. 27, No. 6 (2018) 067202

with frequency.
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Fig. 4. (color online) Curves of capacitance versus frequency of
ITO/CuPc(310 nm)/Al at different temperatures. The capacitance is cal-
culated from Eq. (1).

Figure 4 shows that when temperature decreases to 79 K,
the frequency dispersion of the capacitance of the CuPc device
almost disappears, just like that of the Alq3 device measured
at room temperature. That means that the emission and cap-
ture process of holes can hardly keep up with the variation
of AC bias modulation in the whole frequency region. The
process cannot respond to the frequency as low as 40 Hz; it
is more probable that impurities are hardly ionized. A sim-
ple way to confirm or exclude this possibility is to investi-
gate the C–V characteristics of the device. Figure 5 shows
the C–V characteristics of CuPc and Alq3 devices. The capac-
itance of the CuPc device increases with voltage when tem-
perature is at 297 K, while it does not change with voltage
when temperature decreases to 79 K. For the Alq3 device, ca-
pacitance does not change with voltage even at 297 K. As is
well known, if the metal and inorganic semiconductor form a
Schottky contact, there will be a space charge region in the
semiconductor. The barrier capacitance and bias applied sat-
isfy the relationship:[22]

1
C2 = 2

Vd−V
A2eε0εN

, (2)

where Vd is the difference between the work function of the
metal and Femi level of the semiconductor divided by e (the
elementary charge), V is the bias applied, A is the area, ε is the
relative dielectric constant of the semiconductor, ε0 is the di-
electric constant of the vacuum, and N is the density of space
charge (equal to the density of ionized dopants under deple-
tion approximation) in the semiconductor. The inset of Fig. 5
shows that the relationship between 1/C2 and V is linear, in
accordance with Eq. (2). This strongly indicates the formation
of a Schottky contact between CuPc and Al, as indicated in
many reports the ITO-CuPc contact is Ohmic.[23,24] The den-
sity of impurities and Vd can be obtained by the linear fitting
of 1/C2–V along with Eq. (1), they are about 3.1×1016 cm−3

and 0.88 V, respectively. For the CuPc device at 79 K and the
Alq3 device at 297 K, neither of their capacitances changes

with bias, which indicates a case of flat-band, i.e., no space
charge region existing in the organic layer. As temperature de-
creases from 297 K to 79 K, the space charge region in the
CuPc layer disappears, this means that there are none of the
ionized impurities, i.e., there are no free carriers existing in
CuPc, and it is an insulating dielectric at 79 K.
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According to previous reports about inorganic Schot-
tky diodes, the ionization energy of impurities could be ob-
tained by analyzing the temperature-dependent C–F or G/ω–
F characteristics,[18,19] here, G is the conductance and ω is the
angular frequency. When the ionization time is equal to the pe-
riod of AC signal the conductance will reach a peak. Figure 6
shows G/ω–F characteristics of the CuPc device. For each
of the curves above 177 K, the value of G/ω first increases
with frequency and reaches its own maximum value, then de-
ceases with frequency increasing, and the peak frequency in-
creases with temperature rising. For each of the curves below
177 K, the value of G/ω decreases with frequency increas-
ing. An Arrhenius plot of ln(ω/T 2) versus 1/T should yield
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a straight line and its slope is equal to ionization energy ED

divided by Boltzmann constant k, here, ω corresponds to the
peak frequency.[19,20] The inset of Fig. 6 indicates a linear rela-
tionship between ln(ω/T 2) and 1/T , and the fitted ionization
energy ED is about 0.26 eV.

The parallel model is widely adopted to measure the ca-
pacitance of the organic optoelectronic device,[7,9,10] however,
Carr et al., indicated that it cannot be indiscriminately used in
a frequency range of interest, and a hybrid model should be
used according to the impedance magnitude (parallel model
within lower frequencies and series model within higher ones)
instead.[11] In the present work, it is found that large series
resistance comes from the ITO electrode by analyzing the Z–
F relationship and results in the inapplicability of the parallel
model to measure capacitance at high frequencies, thus special
attention should be paid to model selection when characteriz-
ing the capacitance of an organic device with an ITO electrode.
Moreover, it is demonstrated that it is essential to investigate
the Z–F characteristics to select the circuit model and deter-
mine the capacitance accurately. For various organic devices,
their capacitances and series resistances vary with many fac-
tors, such as the kind of electrode, thickness of organic layer,
and effective area; using the impedance magnitude as a guide-
line of model selection is too simple as it will not give informa-
tion about which part of the circuit dominates the impedance.
The Z–F relationship, however, will explicitly reveal the dom-
inating factors over the frequency range of interest as shown in
the present work, thus it will give better guidelines for model
selection than the impedance magnitude. During the measure-
ment of capacitance, the influence of cables especially its par-
asitical inductance cannot be ignored. As shown in the present
work, the parasitical inductance of the cables which can be
eliminated by performing open-short compensation accounts
for the series model failing to measure the capacitance at high
frequency, and it may be the cause of resonance appearing in
the capacitance spectrum in the high frequency region (usually
above 100 kHz), which has been mentioned in some reports.[7]

Besides, the capacitance of an organic device can be accurately
calculated from the data measured under the parallel model
according to Eq. (1) without any approximation, if series re-
sistance can be measured at high frequencies.

The C–V and C–F characteristics of the CuPc device in-
dicate that there are thermally activated free carriers existing
in CuPc. For Alq3, however, there are no free carriers existing
even at room temperature. Though the purity of commercial
material CuPc is > 99%, the remaining chemical impurities
could be ionized at high temperatures, and thus providing free
carriers. Another possible origin of these free carriers is the
defect states. Thermally evaporated CuPc layer with highly
structural disorder may result in some defect state, and such a
defect state could be activated thermally and provide free car-
riers at high temperatures. More studies are needed to further
ascertain the origin of free carriers in CuPc.

4. Conclusions
In this work, series and parallel models are used to char-

acterize the capacitances of ITO/Alq3/Al and ITO/CuPc/Al. It
is found that the large series resistance of the device comes
from the ITO electrode and results in the inapplicability of the
parallel model to measuring the capacitance of the organic de-
vice at high frequencies, its value is obtained by analyzing the
Z–F relationship. An equivalent circuit model with consider-
ation of the parasitical inductance of cables is constructed to
characterize the capacitance of the device accurately, and C–F
spectra of Alq3 and CuPc devices are obtained. The further
investigation of temperature-dependent C–F and C–V charac-
teristics indicates that CuPc and Al form the Schottky contact,
and the density and ionization energy of impurities are also
obtained.
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