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Abstract. A metal-organic-metal (MOM) type Schottky diode based on poly (triarylamine) (PTAA) thin 
films has been fabricated by using the spin coating method. Investigation of the frequency dependent 
conductance-voltage (G-V-f) and capacitance-voltage (C-V-f) characteristics of the ITO/PTAA/Al MOM 
type diode were carried out in the frequency range from 12 Hz to 100 kHz using an LCR meter at room 
temperature. The frequency and bias voltage dependent electrical response were determined by admittance-
based measured method in terms of an equivalent circuit model of the parallel combination of resistance and 
capacitance (RC circuit). Investigation revealed that the conductance is frequency and a bias voltage 
dependent in which conductance continuous increase as the increasing frequency, respectively. Meanwhile, 
the capacitance is dependent on frequency up to a certain value of frequency (100 Hz) but decreases at high 
frequency (1 – 10 kHz). The interface state density in the Schottky diode was determined from G-V and C-V 
characteristics. The interface state density has values almost constant of 2.8 x 1012 eV-1cm-2 with slightly 
decrease by increasing frequencies. Consequently, both series resistance and interface trap density were 
found to decrease with increasing frequency. The frequency dependence of the electrical responses is 
attributed the distribution density of interface states that could follow the alternating current (AC) signal. 

1 Introduction  
Organic semiconductor raises intense attention in 
producing thin film application devices like Schottky 
diodes, field-effect transistors, and solar cells, as a 
potential candidate for future emerging electronics 
analogous to conventional technology [1,2]. Organic 
semiconductor materials have advantages such as an 
easy fabrication process, low cost, mechanical 
flexibility, large area electronic applications, low 
temperature process and more versatile than inorganic 
semiconductor, which allowed a manipulation and the 
molecular level and building of eco-friendly and 
sustainable future electronics ranging from flexible and 
wearable electronics to energy-harvesting devices. 
Recently, solution-processed organic semiconductor, 
especially polymer, gained significant attention as new 
functional organic materials applied in the development 
and advancement in high performance and stability with 
reasonable electrical properties to meet the challenge due 
to their unique electronic and optical properties [3-5]. 
Among the family of polymer, poly(triarylamine) 
(PTAA) is an amorphous p-type polymer semiconductor, 
which offers a lot of advantages for device technologies 
such as low-cost materials, simple fabrication techniques 
and enables thin films at room temperature [6,7], but 
have not yet demonstrated the high performance device 
with excellence electrical properties such as mobility 
[8,9], but is known as polymer binder that enable to form 
uniform polymer thin films in large areas [10,11]. Thus, 
metal/organic Schottky diodes are useful ways to 

investigate the influence of conduction mechanism to the 
electrical properties.  

Despite the investigation of the organic-based 
devices in DC measurements, very little is known about 
their characteristics in AC operation on conduction or 
transport mechanism, charge carrier injection, relaxation 
process, disordered molecule and interfacial layers 
between molecules. Organic semiconductors showed 
strongly frequency-dependent electrical response in a 
wide frequency range, especially at low and intermediate 
frequencies due to the interface states or traps and 
surface polarization [12-15]. The formation of an 
interfacial layer between metal and organic 
semiconductor, a variation of the semiconductor surface 
and series resistance between contact interface cause 
deviations of the ideal diode behavior [16]. Therefore, 
parameters such as interface states and series resistance 
play an important role in the determination of reasonable 
electrical characteristics of the metal-organic-metal 
(MOM) type diode. The information of such parameters 
can be obtained from the conductance and capacitance 
methods such as conductance-voltage-frequency (G-V-f) 
and capacitance-voltage-frequency (C-V-f) measurements 
[17-20]. These measurements are common tools to 
characterize the quality of the insulator/organic 
interfaces and various measurement techniques are 
available for determining the interface trap density [21-
25]. The interface trap density and series resistance 
usually depend on frequency and cause frequency 
dispersion [17,26-29].  
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In this work, an investigation of the frequency 
dependent electrical responses of ITO/PTAA/Al 
Schottky diode using the conductance-frequency (G-f), 
the conductance-voltage (G-V), the capacitance-
frequency (C-f) and the capacitance-voltage (C-V) 
measurements are presented to elucidate information on 
the electrical parameters of the organic Schottky diode. 
The characterization and analysis of the ac response will 
give important information for the conduction process of 
the thin films. 

2 Experiments  

PTAA (Lumtec) without further purification, as shown 
in Figure 1, was dispersed in chloroform to generate 0.1 
wt% polymer solution. PTAA was soaked overnight 
until all solid materials were dissolved at a room 
temperature. Prior to thin film deposition, the glass as a 
substrate was soaked overnight in Decon90 and 
ultrasonically cleaned with ethanol, acetone and distilled 
water followed by drying with nitrogen gas. Then, a 
PTAA thin film was deposited by spin-coating at 500 
rpm for 30 s, and followed further sintering at 2000 rpm 
for 50 s from a syringe with a filter to form an 
approximately 100-nm-thick thin film. Aluminum (Al) 
metal with a thickness of 150 nm was deposited on the 
spin-coated thin films through a designated mask in a 
vacuum chamber for top contact using sputtering 
technique. The area dimension of the diode was 0.5 x 0.5 
cm2. The schematic diagram of the fabricated MOM type 
Schottky diode structure is shown in Figure 1. The 
frequency dependent conductance (G-f) and capacitance 
(C-f) were measured over a frequency range of 12 Hz – 
100 kHz using a precision LCR meter (GW Instek LCR-
821). The voltage dependent conductance (G-V) and 
capacitance (C-V) were carried out at the various bias 
voltages from 0.2 – 5.0 V with an AC oscillating wave. 
All measurements were recorded at the room 
temperature in an ambient condition.  

 
Fig. 1. Molecular structures of PTAA and schematic diagram 
of the ITO/PTAA/Al metal-organic-metal (MOM) type 
Schottky diode structure. 

3 Results and discussion  

3.1. Frequency dependent conductance and 
capacitance   

The frequency dependent conductance and capacitance 
characteristics provide important information on the 

conduction process and these characteristics were 
obtained based on the following complex admittance 
equation in terms of an equivalent circuit model of the 
parallel combination of resistance and capacitance (RC 
circuit) [24,25]: 

      Y = 1/Z = G + jωC = G + j(2πf)C   (1) 

where Y is the admittance, Z is the impedance, G is the 
conductance, ω is the angular frequency, f is the 
frequency and C is the capacitance. Figure 2 shows the 
conductance characteristic as a function of frequency (G-
f) with various bias voltages (0.2 – 5.0 V) of the 
ITO/PTAA/Al Schottky diode. The G-f characteristics 
indicated that conductance has remained almost constant 
up to a certain value of the low frequency. As the 
frequency was increased, the conductance of the PTAA-
based diode showed a continuous increase over the 
applied bias voltages, hence the conductance is 
frequency dependent characteristics. The behavior of the 
G-f characteristics is related to the long-range ordering 
which involving a translational motion with a sudden 
hopping [16]. The origin of the conductance stayed in 
the relaxation phenomena and when a mobile charge 
carrier hopped from origin to a new position, the charge 
remained in the state of displacement between two 
molecules, which then forming the hopping conductivity 
[30].  

 
Fig. 2. Conductance characteristic as a function of frequency 
(G-f) with various bias voltages (0.2 – 5.0 V) of the 
ITO/PTAA/Al Schottky diode. 

Figure 3 shows the capacitance characteristics as a 
function of frequency (C-f) of ITO/PTAA/Al Schottky 
diode in the bias voltage range from 0.2 to 5.0 V. The C-
f characteristics indicated a decrease of the capacitance 
values as the frequency was increased (< 100 Hz) and it 
remained constant at the high frequency range (> 10 
kHz). The capacitance is defined by the quality of trap 
charge in the band of a device [31]. The high values of 
capacitance at low frequencies (< 100 Hz) were 
attributed to the excess capacitance from the contribution 
of the interface trap charges, which depends on the 
frequency and the relaxation time of charge at interface 
state or the interface trap [32]. However, a continuous 
contribution of interface trap charges was limited by the 
high frequency region (> 10 kHz). As the small portion 
of interface charges, known as space charge capacitance, 
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cannot follow the signal and negligibly small, only the 
interface state capacitance is contributing to the total 
capacitance and yield from the geometrical capacitance 
value [33].  

 
Fig. 3. Capacitance characteristics as a function of frequency 
(C-f) of ITO/PTAA/Al Schottky diode in the bias voltage range 
from 0.2 to 5.0 V. 

3.2 Voltage dependent conductance and 
capacitance  

Figure 4 and Figure 5 show the conductance (G-V) and 
capacitance (C-V) characteristics as a function of bias 
voltage at different frequencies for ITO/PTAA/Al 
Schottky diode, respectively. The G-V characteristic 
indicated that the conductance values increase from 0.2 
to 5.0 V at a frequency of 2 kHz, 10 kHz and 100 kHz, 
respectively as shown in Figure 4. Furthermore, the 
conductance value also increases with increasing 
frequency at a given bias voltage. On the other hand, the 
capacitance value of the diode within the range of 0.2 V 
and 5.0 V increases with decreasing frequency at a given 
voltage as shown in C-V of Figure 5. At low frequency, 
capacitance exhibited a high value which indicated that 
the organic diode is turned on and the charges are 
trapped due to the threshold voltage at approximately 1.0 
V and the charge had enough energy to pass through the 
depletion region at full turn-on voltage of 4.0 V.  

  

Fig. 4. Conductance characteristics as a function of bias 
voltage (G-V) at different frequencies for ITO/PTAA/Al 
Schottky diode. 

 
Fig. 5. Capacitance characteristics as a function of bias voltage 
(C-V) at different frequencies for ITO/PTAA/Al Schottky 
diode. 

This phenomenon is attributed to the existence of 
interface state traps, interfacial PTAA layer and series 
resistance effect of the Schottky diode [17]. In fact, that 
the charges at the interface states can follow the AC 
signal at low frequencies, the total excess capacitance is 
contributed by the interface charges in addition to the 
space charge capacitance. Thus, the capacitance is 
strongly dependent on the frequency at this low range. 
As the voltage is built-in in the diode, the capacitance 
achieves the highest value in the range between 2.0 to 
4.0 V and this capacitance peak region is attributed to 
the imperfect ohmic contacts that add a contact 
resistance to the series resistance or only the interface 
states [34,35]. Furthermore, the values of the capacitance 
at the peak region decrease with increasing frequency. 
This is attributed to the interface states are limited by the 
high frequencies. In addition, both G-V and C-V 
characteristics show three regions which indicated the 
inversion, accumulation, and depletion regions. The 
capacitance and conductance values were changed at the 
accumulation and depletion regions, but remained 
constant in the inversion region.  

3.3 Frequency dependent series resistance and 
state density  

Comparing the real and imaginary part of the admittance 
of the parallel RC circuit in Equation (1), the series 
resistance (RS) at strong accumulation region of the 
device is given by [24,25]: 

   
22 )( mmmS CGGR     (2) 

where the value of Gm and Cm are the measured 
conductance and capacitance as a constant bias voltage 
at various frequencies. Figure 6 and Figure 7 show the 
series resistance as a function of frequency (RS-f) and 
bias voltage (RS-V) for the ITO/PTAA/Al diode, 
respectively. These significant characteristics revealed 
the effects of the series resistance in the application of 
admittance-based measured methods. The RS-f 
characteristics indicated that the series resistance is 
depends on frequency and can be differentiated into two 
regions [36]. The value of series resistance decreases 
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with the increasing frequency and remains almost 
constant in the higher frequency region for each bias 
voltage as shown in Figure 6. This attributed to the 
interfacial polymer layer and the interface states between 
polymer layer and contact interface, which cannot follow 
the ac signal and consequently cannot contribute to the 
diode. On the other hand, the values of series resistance 
are high at a low bias voltage ranging from 0.2 to 2.0 V 
due to intensive interface states at low frequency as 
shown in the RS-V characteristics of Figure 7. However, 
series resistance almost disappears or negligibly small as 
the bias voltage increases further from 2.0 to 5.0 V 
which attributed to the trapped charges in interface state 
with low energy that unable to pass through the 
depletion region [33], thus this contributed to high 
values of capacitance in the voltage range. 

 
Fig. 6. Series resistance as a function of frequency (RS-f) for 
the ITO/PTAA/Al diode. 

 
Fig. 7. Series resistance as a function of bias voltage (RS-V) for 
the ITO/PTAA/Al diode. 

In addition, frequency dependent of interface state 
density (NSS) was obtained using the Hill-Coleman 
method, where the interface states density values can be 
calculated by using the following equation [23]: 

 22
max,max, )1()(2 CCCGGgAN moxmmSS    (3) 

where, A is the area of the diode, Gm and Cm are the 
measured conductance and capacitance, respectively, 
and C is the capacitance of polymer layer and can be 
obtained from G-V and C-V measurements in strong 
accumulation regions of a constant bias voltage of 4.0 V 

at constant frequency of 10 kHz by using the following 
relation [18]: 

 22 )(1 mamama CGCC     (4) 

The interface states density as a function of frequency 
(NSS-f) is shown in Figure 8. The NSS-f characteristic 
indicated that the interface states density values almost 
constant at 2.8 x 1012 eV-1cm-2 with slightly decrease 
with increasing frequencies. At low frequency, the 
interface states density depends on frequency, showing 
the high value of capacitance, which attributed to the 
excess capacitance resulting from the interface states. 
However, it is almost independent of frequency at high 
frequencies. Thus, the diode is frequency dependent 
interface states density, which similar behavior and 
comparable to that to the other organic Schottky diodes 
[18,26,37], and currently further investigations to 
enhance the electrical responses of PTAA-based 
Schottky diode by adding the small molecule such as 
soluble pentacene to form a blend PTAA-pentacene 
system is currently undergoing [38]. 

 
Fig. 8. Interface state density as a function of frequency (NSS-f) 
for the ITO/PTAA/Al diode. 

3 Conclusions 
In summary, we have successfully fabricated a metal-
organic-metal (MOM) type Schottky diode based on 
poly(triarylamine) (PTAA) thin films by using the spin 
coating method. The frequency and voltage dependence 
conductance and capacitance characteristics of metal-
organic-metal (ITO/PTAA/Al) Schottky diode were 
investigated in the frequency range of 12 Hz to 100 kHz 
and bias voltage range of 0.2 to 5.0 V, respectively at 
room temperature. The frequency dependent 
characteristics of the Schottky diode show that both 
conductance and capacitance were sensitive to frequency 
and voltage, especially at low frequency region, which 
attributed to the interface states at the polymer interface 
and series resistance. Thus, this behavior for both 
conductance and capacitance can follow an AC signal at 
low frequencies but cannot follow at high frequencies. 
Moreover, series resistance is dependent both frequency 
and bias voltage and have a significant effect on 
electrical characteristics of ITO/PTAA/Al MOM type 
Schottky diode. Moreover, the interface state density 
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was found almost constant with slightly decrease with 
increasing frequency. This development of Schottky 
diode based on amorphous PTAA thin film has been 
realized and further improvements in the electrical 
responses should be possible by improving the thin film 
morphology and structure as well as the fabrication 
conditions for possible applications. 
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