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To deal with the invalidation of commonly employed series model and parallel model in capacitance—voltage (C—
V) characterization of organic thin films when current injection is significant, a three-element equivalent circuit model is
proposed. On this basis, the expression of real capacitance in consideration of current injection is theoretically derived
by small-signal analysis method. The validity of the proposed equivalent circuit and theoretical expression are verified
by a simulating circuit consisting of a capacitor, a diode, and a resistor. Moreover, the accurate C-V characteristic of an
organic thin film device is obtained via theoretical correction of the experimental measuring result, and the real capacitance
is 35.7% higher than the directly measured capacitance at 5-V bias in the parallel mode. This work strongly demonstrates
the necessity to consider current injection in C—V measurement and provides a strategy for accurate C-V characterization

experimentally.
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1. Introduction

With the advantage of being sensitive to the number of
carriers within device and their spatial distribution simulta-
neously, the capacitance technique has been widely adopted
in the study of organic thin films (including organic photo-
voltaics, organic light-emitting diodes, efc.) to probe device
properties such as carrier mobility,!'-'!! doping density,!'>!6]
deep trap states,'’>!1 and exciton behavior.[*>?3] However,
rather than the direct obtainment of capacitance, the magni-
tude and phase of impedance are firstly measured with an
LCR meter, subsequently the capacitance of device is calcu-

d.2425] Therefore,

lated according to the circuit model selecte
of upmost importance in maintaining the reliable and accurate
capacitance measurement is the selection of a proper circuit
model. The series model (consisting of a capacitance C and a
parasitic resistance Rg in series, highlighted by the blue box in
Fig. 1(a)) and the parallel model (consisting of a capacitance
C and a parasitic resistance Rp in parallel, highlighted by the
red box in Fig. 1(a)) are two typical equivalent circuit models
in capacitance measurement,>*-27! between which, the paral-
lel model is more commonly employed in organic thin films
since the series resistance Rg is negligible compared with the

DOI: 10.1088/1674-1056/abe3e4

parallel resistance Rp (sufficiently high) and the capacitive
impedance in a usual measuring frequency range from 10 Hz
to 100 kHz.>*>>) However, when the measuring frequency is
high enough (exceeding 100 kHz), the capacitive impedance
decreases reciprocally with the increase of measurement fre-
quency and drops down to hundreds of Q or less, the parallel
resistance Rp becomes negligible while the existence of series
resistance Rg (with a typical value approaching to 100 Q in
organic devices)!?! can significantly influence the measured
capacitance according to the parallel model. At the moment,
series model is more accurate approximation at high frequency
when Rs is a considerable voltage divider, as Carr ef al. have
already discussed.>* However, in the real C-V characteriza-
tion of organic thin film device, the considerable current injec-
tion under sufficient bias can also significantly influence the
accuracy of measured capacitance in both series and parallel
models. Because the parallel resistance Rp (representing the
differential resistance of organic thin film, i.e. dV/dI in I-
V characteristics) dramatically decreases from over 1 MQ to
less than 100 Q under considerable current injection even at
low measuring frequency, at the moment, both the series resis-
tance Rg and the parallel resistance Rp are nonnegligible. The
commonly employed series model and parallel model are both
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invalid. But in fact, owing to the lack of an effective method to
eliminate the influence of current injection in C-V characteri-
zation, most of researchers regard the measured capacitance in
parallel model as a real value of device directly even in large
injection condition. [+-26-30]

In this work, with consideration of the current injection
within the device, a circuit model consisting of a capacitance
(C), an invariable series resistance (Rsp), and a nonlinear paral-
lel resistance (Rpy)) is proposed (see Fig. 1(b)). Based on such
a model, the relationship between the real capacitance of de-
vice and measured items (the experimentally measured capac-
itance, value of Rg, direct current (DC) differential resistance
of the device) is derived theoretically via small-signal analysis
method. The C-V measurement on a simulating circuit con-
sisting of a resistor, a diode and a capacitor is performed to
verify the theoretical result. Moreover, the real C-V charac-
teristic of an organic thin film (ITO/pentacene(120 nm)/Al) in
consideration of current injection is obtained via the theoreti-
cal correction of the experimental measurement result, the real
capacitance of device is 35.7% higher than the directly mea-
sured capacitance at 5-V bias. Our work discovers a common
source of deviation in the capacitance measurement of organic
devices, which has a significant influence but is rarely studied,
and a quantitative method is proposed to correct this devia-
tion. The method eliminates the influence of series parasitic
resistance on the capacitance measurement under large DC in-
jection, and is verified to be the only applicable method for
organic semiconductor devices to our knowledge.

(a) Ro (b) Re

C

Fig. 1. (a) Small-signal equivalent circuit, with series model highlighted by
blue box and parallel model by red box. (b) Equivalent circuit proposed in
this work, with an invariable Rg( and nonlinear Rpy.

2. Experimental methods

Organic thin film device studied in this work was
fabricated on a commercially pre-etched indium-tin-oxide
(ITO)/glass substrate, and the resistance of the ITO anode was
less than 17 Q/square. A 120-nm-thick pentacene layer and
a 100-nm-long Al cathode were thermally evaporated on the
substrate sequentially. In the evaporation process, the cham-
ber pressure was less than 10~* Pa. The deposition rate was
1 A/s for pentacene layer and 4 A/s for Al cathode, respec-
tively. A 3 mmx3 mm active area of device was formed
through a shadow mask. The current—voltage (I-V') measure-
ment, capacitance—frequency (C—F) measurement, and C-V
measurement were conducted in air on the unencapsulated de-

vice immediately after the fabrication process, all measure-
ments were completed within an hour and the measurement
results were reproducible. The /-V measurement was con-
ducted with a Keithley 236 source measure unit (SMU) while
the capacitance (both C-V and C-F) measurements in paral-
lel mode (with parallel model as the default) were conducted
with a programmed HP 4284A LCR meter. The amplitude of
the alternating current (AC) signal was set to be 50 mV, the
frequency 1 kHz if additional special instruction was absent.
The forward bias is defined as a positive potential of the ITO

anode.

3. Results and discussion

The capacitance of organic thin film is typically obtained
via the alternating current (AC) impedance analysis method
with an LCR meter.3") That is, a constant bias (Vo) and a
small amplitude modulated AC voltage (V;e!®") are applied
the device simultaneously, the AC impedance (Z) or admit-
tance (¥) can be obtained experimentally. Typically, accord-
ing to the selected equivalent circuit of either parallel model
(with expression ¥ = ioC, + (1/Rp), Cp, and Rp are capaci-
tance and parallel resistance) or series model (with expression
7Z = (1/ioCs) + Rs, Cs and Rs are capacitance and series re-
sistance) in LCR meter, the measured capacitance of device
can thus be calculated and output automatically.

Specifically, in the C—V characterization of real organic
thin films, the series resistance Rg (mostly originating from
the resistance of transparent electrode in organic thin film de-
vices, e.g., ITO) is almost constant, while the parallel resis-
tance Rp (representing the differential resistance dV /dI of
organic thin film due to current flowing through the device)
strongly depends on the current (or bias) in device. The ca-
pacitive impedance is dozens of kQ under the most commonly
employed measurement frequency around 1 kHz in organic
thin films. When the current injection is negligible (far less
than 1 mA), Rp is sufficiently high and thus parallel model
gives accurate capacitance of device. However, when the in-
jected current is considerable, Rp drastically decreases from
c.a. 1 MQ (with device current around 1 pA) to less than
1 kQ (with device current over 1 mA). Comparing Rp with
typical Rg approximately 100 Q in organic thin film device,
the influence of Rg is nonnegligible under the significant cur-
rent injection. Apparently, neither series model nor parallel
model is valid at the moment. The discrepancy between the
measured capacitance and the real one is closely related to the
value of Rgs and the differential resistance of device (Rp). Con-
sequently, the effects of Rg and Rp both have to be carefully

considered in the equivalent circuit.
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3.1. Theoretical derivation of C with small-signal analysis

In principle, an equivalent circuit with both Rg and Rp
has more accurate approximation than commonly employed
series model or parallel model because the effect of current in-
jection is considered. First of all, the expression of measured
capacitance is quantitatively studied in theory according to the
equivalent circuit with small-signal analysis method. For an
organic thin film device with obvious current injection, a rea-
sonable equivalent circuit is proposed as shown in Fig. 1(b).
The organic thin film can be regarded as a DC conductive ca-
pacitor, that is, a combination of a nonlinear resistance (Rpy;)
and a capacitor (C) in parallel. The Rgg can be regarded as an
invariable series resistance which mostly originates from the
resistance of ITO anode. The Ip(V') and the I-V characteristic
of the whole device are obtained directly with a Keithley 236
SMU. It is notable that the voltage V is summation of partial
voltage on Rg and the voltage on the organic thin film.

The voltage V applied to the device is

V=Vy+ Vel (1)

where V) is a constant bias and V; e'?’ is the AC voltage with
real amplitude Vi and frequency @. Accordingly, the current
flowing through the device is

I=1Iy+1I e, )

The AC admittance is the ratio of alternating current [ to the
AC voltage V.

The voltage applied to the capacitor, as well as the non-
linear Rp, is

VI =Vi+ Vel (3)
The AC current flowing through the capacitor C is

. do d(cv L
Ic:d—?: (dt ):ia)CV{e‘“”. 4)

It is assumed that the measurement frequency is low enough
for the charge response of capacitor plates to the AC voltage.

Suppose that the /-V response of nonlinear Rpy; is Iy (V ),
then the alternating current in Rp,; will be

I =1 (V) =1 (Vé+‘7feiwt)

= I, (V§) + ;1‘1%\7{&“”. 5)
Here, the measurement frequency is assumed to be so low that
the I-V characteristic Iy (V) of Rpy is still valid although the
AC voltage is applied. Besides, I, (\7’ ) is expanded according
to the definition of derivative since \71’ is a small quantity.
Combining Eq. (4) with Eq. (5) yields

. : i\ -,
I=Ic+Il=1, (V) + <1a)C+ dV%)V{eW”. (6)
0

Under DC voltage, no current flowing through the capac-
itor under steady condition, thus,

I (Vo) = 1o (Vo) (7)
According to the series circuit,

Vo = Vi + IoRyo, (8)
Vi =V +1iRy. 9)

Taking the derivative Eq. (8) with respect to V] gives

dVp 1 dly dVy

— = — —R . (10)
dvy dVo dVy
That is,
dvy 1
—_—=— 11
v~ o
dV() sO
Thus,
ah
dly %d‘/o _ dly dVp _ dvy 12)
dvy  dvodv)  dvpdvy 4o
dV() sO
Combining Egs. (6), (9), and (12) together presents
I= Io—l—i] eia)t
I (V())
=1V ioC+—0
o)+ [1 i 1—16(V0)Rs0]
x (Vi—IiRy) e'®". (13)
The AC (oscillation) terms are extracted as follows:
- I
g _ V(o Kk
Vi Ry K2 @>C?R%+1
KPoC
i, (14)
kKo C?R%+1
with
k=1—1)(Vo)Ryo- (15)
Comparing with the impedance expression of the parallel
model,
Y= ioC,+ Gy (16)
results in
Im (¥ k2
Co = ( ) = 5 C, a7
o e "C?RZ+1
- 1 k
Go=Re(Y)=—([1-——5———5— ). 18
p=Re(V) =7 < k2w2c2R§0+1) (18)

Equations (17) and (18) are, respectively, the expressions of
the measured capacitance and conductance in parallel mode
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on the basis of invariable series resistance Rgy and DC -V
characteristic Iy(Vp) of the device.

Below discussed are two special limit cases.

(i) When nonlinear Rpy is sufficiently small, the capacitor
is short-circuited, Iy = Vo /Ry, thus Ij (Vo) = 1 /R and k = 0.
Consequently,

C, =0, (19)

G, =—. (20)
P Ry
Apparently, it is the case of a single series resistance Rgg.
(i1) When the resistance of Rpy is sufficiently high, the di-
rect current within device is negligible, thus 1) (Vy) approaches
0 and & roughly equals 1. At this time,

c
Co=——7, 21
P @2C2R% + 1 @b
202
0~“C*Ry
sO (22)

P 0 CR, 1

Equations (20) and (21) give expressions of the capacitance
and conductance in the parallel mode under non-current-
injection condition, respectively. If @CRy < 1, then C, =~ C
and G ~ 0, indicating that the measurement gives the accurate
capacitance in parallel mode. Because a typical capacitance of
organic thin film device is several nFs, the series resistance is
several tens of Q, thus the deviation of the measured capaci-
tance in parallel mode without current injection is less than 1%
as long as the measurement frequency is lower than 100 kHz.
In a real organic thin film device, the series resistance is
almost invariable while the /-V characteristic of organic thin
film is similar to that of a diode (the resistance keeps large un-
der small bias while decreases rapidly with increasing bias).
Therefore, the series resistance Rgg is negligible compared
with the resistance of organic thin film (Rp,)) under negative
bias or small positive bias, similarly in the limit case (ii). With
bias increasing, the resistance of organic thin film (Rpy) de-
creases rapidly, leading I (Vp) to increase and k to decreases
from 1 to O gradually, finally similarly in the limit case (i).

3.2. Experimental verification with simulating circuit

To test the accuracy of theoretical capacitance expres-
sion with current injection (Eq. (17)), verification experiment
should be conducted. Owing to the fact that the multiple fac-
tors (free carriers, space charges and traps states)[!=2!1 affects
the device capacitance significantly, the effect of current in-
jection on measured capacitance is difficult to observe via the
direct C—V measurement in a real organic thin film. Instead,
a simulating circuit comprised of three electronic components
(a resistor, a capacitor and a diode) is constructed and stud-
ied. The series resistance Rsg of the whole device is between
40 Q and 80 Q experimentally, thus a fixed resistor of 51 Q is

employed as Rgg in the simulating circuit. The nonlinear re-
sistance Rpy is substituted by a 1N4148 type switching diode
in the simulating circuit. The response time of the diode is
several nanoseconds, which is negligible in C—V measurement
with an AC frequency of 1 kHz. The current of the diode is
150 mA at 1-V bias. Although the capacitance of a typical or-
ganic thin film is several nFs, a capacitor of about 1 uF is used
in the simulating circuit because —0.2 nF for the resistor and
—10 nF for the switching diode (at 1-V bias) are detected with
an LCR meter. The measured negative capacitance is probably
caused by parasitic inductance within electronic components.
The real capacitance of the capacitor is 1.017 uF experimen-
tally, more than two orders of magnitude larger than the capac-
itance of the resistor and switching diode. The conductance of
the capacitor is about 5 x 173 S.

6.0

10-3
5.0F

4.0r

Current (A)

3.0

2.0F

Current (1073 A)

1.0f
ot

-05 O 0.5 1.0
Bias (V)

Fig. 2. The I-V characteristic of simulating circuit consisting of a resistor, a
switching diode and a capacitor, with inset showing corresponding logarith-
mic current on y axis.

Firstly, the I-V characteristic of the simulating circuit (of
three electronic components) is measured by a Keithley 236
SMU, the result is shown in Fig. 2, where the inset shows
the logarithmic current on the y axis. Under negative bias,
the current is less than 10~® A while under positive bias, the
current increases rapidly with bias increasing, the current ex-
ceeds 5 mA at 1.1 V. Moreover, when positive bias is less than
0.75 'V, the current increases exponentially with bias increas-
ing as clearly shown in the inset. In such a case, the current
is determined dominantly by the diode because its resistance
overshadows that of the resistor. When the bias is more than
0.75 V, the I-V characteristic gradually approaches to linear
behavior, indicating that the resistance of the diode is obvi-
ously less than that of the resistor.

Subsequently, the C-V characteristic of the simulating
circuit is shown in Fig. 3. The blue circles in the figure de-
note experimentally measured result at 1 kHz, the red line
refers to the results calculated from Eq. (17). Similarly, the
conductance—voltage (G-V) characteristic of the simulating
circuit is shown Fig. 1S in the supporting information. In
principle, the capacitance of the employed capacitor is bias-
independent. However, as clearly indicated in Fig. 3, the mea-
sured capacitance in the parallel mode is far less than a real
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capacitance value of 1.017 pF, manifesting the inaccuracy of
parallel model under significant current injection. In the fig-
ure, the capacitance indeed increases drastically at a high bias
(over 0.5 V), and the experimental result is well consistent
with the theoretical one. Such a consistence strongly confirms
the necessity to consider current injection in C-V measure-
ment, as well as the validity of the above theoretical analysis.
Two notes should be mentioned here. 1) The capacitance mea-
sured in the simulating circuit under negative bias (at which
the current-injection-effect is negligible) is about 0.9 uF, ob-
viously lower than that of the capacitor, this difference can be
well explained by the voltage divider of the resistor at 1 kHz.
2) The theoretical capacitance under high negative bias fluc-
tuates and slightly differs from the experimentally measured
results. It is because k is very close to O at high bias, a slight
variation of I (Vp) extracted from the /-V measurement will
cause the value of k to fluctuate drastically.

10

o experimental
—— calculated

Capacitance (107 F)

0 L 1 1 1

-1.5 —-1.0 —-0.5 0 0.5 1.0
Bias (V)

Fig. 3. Experimentally measured (blue circle) and theoretically calculated
(red line, according to Eq. (17)) C-V characteristics of simulating circuit.

3.3. Capacitance correction of real organic thin film device

To further study the influence of current injection on
the measured capacitance in a real organic thin film de-
vice, holeonly device with the structure of ITO/pentacene
(120 nm)/Al (100 nm) is fabricated by thermal evaporation and
measured immediately after the fabrication. The /-V charac-
teristic of the pentacene device is shown in Fig. 4, where inset
indicates its logarithmic current on the y axis.

As shown in Fig. 4, the I-V characteristic indicates ob-
vious rectification property, that is, the current under the pos-
itive bias is significantly higher than that under the negative
bias. The device current is over 1073 A at 5-V bias, nearly
five orders of magnitude higher than the current at —5-V bias.
Such rectification is determined by the energy level of mate-
rial. Hole current can easily be injected from ITO under the
positive bias because the highest occupied molecular orbital
(HOMO) of pentacene is very close to the Fermi level of ITO,
while both electron carriers and hole carriers can be hardly in-
jected under the negative bias because the injection barrier for
either electrons or holes is high enough. Thus, only hole cur-
rent can flow from ITO anode to Al cathode under the positive

bias.
4.0

~ 3.0 =
< Z
o 5]
I g
2 201 &
-
=}
[0}
£ 1.0
j=]
@)

0-

-6 -4 =2 0 2 4 6

Bias (V)

Fig. 4. DC [-V characteristic of ITO/pentacene (120 nm)/Al device with
inset indicating the corresponding logarithmic current on y axis.

The directly measured C-V characteristic of the pen-
tacene device is shown in Fig. 5 as indicated by blue circles.
The measured capacitance is kept constant (about 3.52 nF) un-
der negative bias, this value is basically the geometric capac-
itance of device because both carriers can hardly be injected
into the pentacene layer and the device is quite similar to a
parallel-plate capacitor. Under positive bias, capacitance in-
creases rapidly and a sharp peak with a peak value of 15.8 nF
appears at 1.7 V. Further increasing the positive bias applied,
the capacitance continues to increase and tends to be saturated
at 5 V. A higher positive bias can damage the device, so the
measuring range is set to be from —5 V to 5 V. Such a ca-
pacitance increment under the positive bias possibly originates
from trap states, free carriers!>®! or space-charge-effect of the
injected holes in pentacene. [3?]

3.5

3.0} —o—experimental

—o— after correction
251
201
1.5t

1.0

Capacitance (1078 F)

0.5}

Bias (V)
Fig. 5. The C-V characteristics of ITO/pentacene (120 nm)/Al device. Blue
circles refer to experimentally measured capacitance and red squares denote
corrected capacitance in consideration of current-injection-effect by the pro-
posed theoretical strategy (according to Eqs. (15) and (17)).

As pointed in Subsection 3.1, the real C-V response of
device could be calculated as long as experimentally measured
C-V characteristic in parallel mode, the DC I-V characteris-
tic of device and the series resistance were known. The se-
ries resistance of device can be extracted from the C—F mea-
surements at 0 V (see Fig. S2 in the supporting information).
The series resistance (Rso) of the pentacene device is 62.5 Q.

Based on the above information, the real C-V response of the
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pentacene device is derived from Egs. (15) and (17) as shown
by red squares in Fig. 5.

Figure 5 shows that the capacitance before and after theo-
retical correction are almost the same in the range from —5 V
to about 2 V where current injection is negligible (see Fig. 4).
For the range of 2 V to 5 V, the difference between the cor-
rected capacitance and the measured capacitance grows grad-
ually. At 5-V bias, the capacitance is 24.1 nF for the measured
value and 32.7 nF for the corrected value. The real capacitance
after correction is about 35.7% higher than the directly mea-
sured capacitance in the parallel mode by using an LCR meter.
The measured capacitance is greatly influenced by the current
injected under the positive bias, and obviously the measured
capacitance is no longer accurate. It indicates that the directly
measured capacitance in the parallel mode severely deviates
from the real value when a considerable current is injected into
the device (the differential conductance of the organic thin film
is high), even if the measuring frequency is relatively low.

Additionally, the C-V characteristic based on dual-
frequency technique is also calculated and shown in Fig. S3
in the supporting information.*34! In the field of inorganic
semiconductors, the dual-frequency technique has been used
to determine the depletion capacitance in Schottky-barrier
device!*3! and MOS capacitance®* with the equivalent cir-
cuit model of three elements. The C-V measurements at
two different frequencies yield four equations containing the
impedance results, thus the values of C, Rg, and Rp can be ex-
tracted. Since this technique can effectively eliminate the in-
fluence of parasitic resistance in the capacitance measurement
of inorganic semiconductor devices, we investigate whether
this method can directly be applied to our organic device.
However, as shown in Fig. S3, the C-V characteristics cal-
culated based on the different combinations of frequencies
significantly differ from each other, indicating that this tech-
nique is not applicable here. Of particular note is the pre-
requisite of dual-frequency technique that the capacitance to

33,34

be measured is frequency independent.334! However, mas-

sive researches reveal that the capacitance of organic thin film
depends strongly on the measurement frequency.[*2%-3%35:30]
Consequently, dual-frequency technique is not valid in organic
thin films, and the method we proposed is applicable only for

organic devices.

4. Conclusions

In this work, a three-element equivalent circuit comprised
of a capacitance (C), an invariable series resistance (Rgg), a
nonlinear parallel resistance (Rpp;) is proposed. Based on
such an equivalent circuit, the expression of the accurate ca-
pacitance is derived theoretically in consideration of the cur-
rent injection within the device. According to the theory, the

real C-V characteristic of device can be calculated from the
experimentally measured DC [-V characteristic, C-V char-
acteristic, and capacitance—frequency (C—F) characteristic at
0 V. The proposed equivalent circuit and the theoretical re-
sult are verified experimentally by a simulating circuit. More-
over, a real device of organic thin film is fabricated and mea-
sured, and its accurate C-V characteristic is theoretically cal-
culated accordingly. This work strongly demonstrates the ne-
cessity to consider the current injection effect in C-V charac-
terization. For the accurate C—V characterization of device, a
measuring strategy and theoretical correction method are also
given. Although the proposed three-element equivalent circuit
is more accurate approximation than commonly employed se-
ries model or parallel model since the influence of current in-
jection is eliminated, it is still difficult to deal with multiple
factors such as free carriers or space charge effect of injected
carriers in real devices. A more accurate and powerful equiva-
lent circuit (and related theoretical model) needs to be studied
in depth to obtain and investigate the general C—V characteri-
zations of organic thin films.
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