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Some Electrical and Photoelectrical Properties of Conducting Polymer Graphene Composite /n-

Silicon Heterojunction Diode 

 

Elif DAŞ*1 

 

Abstract 

In this study, polythiophene-graphene (PTh-G) composite thin film was prepared on the n-type 

silicon (n-Si) semiconductor wafer by the spin coating method. Subsequently, the current-

voltage (I-V) measurements were made on the fabricated Au/PTh-G/n-Si/Al device to ascertain 

the impact of the PTh-G interfacial layer on the device performance. The main device 

parameters such as ideality factor (n), barrier height (b), series resistance (Rs) were calculated 

by using the thermionic emission (TE) and Norde functions, and then, the obtained results were 

discussed in detail. Additionally, the capacitance-voltage (C-V) characteristic of the device was 

examined as a function of the frequency, and the device parameters such as diffusion potential 

(Vd), Fermi energy level (Ef), carrier concentration (Nd), b were detemined. Finally, the light 

intensity-dependent I-V measurements were taken to obtain information about the 

photoelectrical characteristics of the fabricated device. The obtained results have shown that 

the prepared composite material has a good potential to be used in optoelectronic applications 

such as photodiode, and photodetector. 

Keywords: Polythiophene, graphene, composite material, photoresponse, photosensitivity  

 

1. INTRODUCTION 

The metal-semiconductor (MS) Schottky barrier 

diode (SBD), formed by putting a metal in contact 

with a semiconductor, is the simplest known form 

of the electronic rectifier [1-3]. Despite its simple 

structure, it offers tremendous performance and is 

used in many different applications. In an SBD, 

the electrical properties of the device are mainly 

related to the interface and depletion region of the 

junction. So, if an interlayer material is positioned 
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between the semiconductor and the metal, the  

performance of the device will depend on the  

physical characteristics of the material [4-6]. 

Thus, it is possible to fabricate semiconductor 

devices with higher electrical performance. Many 

researchers have been researching on using 

conducting polymer-based materials as interface 

materials to alter the electrical characteristics of 

MS junctions in recent years [7, 8].  

Conducting polymers and/or their composites 

have the potential to dissolve in different solvents, 
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which allows them to be easily used in device 

fabrication via spin coating and drop-casting. Up 

to now, a wide range of conducting polymers and 

their derivatives have been developed, such as 

poly (1,4-phenylenevinylene) (PPV), poly(p-

phenylene) (PPP), polyfluorene (PF), and 

polythiophene (PTh) [8, 9]. Among these 

conducting polymers, polythiophene (PTh) has 

been much interested material due to its good 

chemical and thermal stability as well as excellent 

electronic and optical properties [10, 11]. 

Additionally, many composites of PTh have been 

reported for different applications [9, 12]. The 

obtained results have shown that composite 

materials possess properties that may not be 

achieved by either component separately. Also, 

these reports have shown that there are many 

factors affect the PTh composite properties, like 

synthesis methods, types of fillers, fillers 

morphology, polymer matrix, etc. 

In the last few years, the fantastic properties of 

carbon-based materials make them very 

promising and favorable as fillers for production 

of a new class of polymeric heterostructures. For 

example, Wang et al. [13] prepared ordered 

PTh/fullerene composite core-shell nanorod 

arrays by using melt-assisted wetting of porous 

alumina templates. Experimental results showed 

that the synthesized material has promising 

potential in solar cells. Also, Karim et al. [14] 

prepared PTh/single-wall carbon nanotube 

composites using a polymerization method. The 

obtained results showed that the composite 

material was better in terms of thermal and 

electrical conductivity compared to pure PTh. In 

another study, Bachhac and Patil [15] synthesized 

PTh-coated multiwalled carbon nanotube 

(MWCNT) composites by simple, cost-effective, 

in-situ oxidative polymerization method. They 

highlight that synergistic effects of the PTh-

coated MWCNTs improve the gas sensing 

properties. In a nutshell, combining conducting 

polymers with carbon-based materials allows 

engineers to create flexible composites with 

favorable electrical, optical, or mechanical 

properties. In the light of this information, within 

the scope of the presented study, the synthesis of 

PTh-graphene (PTh-G) composite material and its 

analysis in terms of electrical and photoelectrical 

properties at the metal-semiconductor interface 

are discussed. When the studies in the literature 

are analyzed, this study is the first research study 

conducted for the stated purpose. In this sense, I 

believe that the presented study will make 

significant contributions to the literature and 

optoelectronic technology. 

2. MATERIALS AND METHODS 

2.1. Materials 

Thiophene (Sigma-Aldrich), Graphene 

nanoplatelet (Nanografi, surface area: 320 m2g-1), 

choloform, anhydrous ferric chloride (FeCI3), 

acetone and methanol (Sigma-Aldrich) were used 

as obtained. Additionally, in the SBDs fabrication 

process, n-type Si wafer was preferred. A well-

known cleaning procedure was used to clean the 

Si wafers, as specified in ref [16]. 

2.2. Preparation of PTh-G Composite 

Materials 

Composite materials synthesis were carried out 

according to a literature method developed by 

Melo et al. [17] with some modification. In this 

method, in-situ chemical oxidative 

polymerization technique was used for the 

synthesis of composite materials. Briefly, 0.03 g 

of thiophene monomer was added to chloroform 

and thoroughly mixed. Then, 0.1 g of graphene 

was added to the prepared suspension and mixed 

for a while. On the other hand, 3 g of oxidizing 

agent FeCI3 was dispersed in a different beaker 

with a chloroform solution until it formed a 

homogeneous suspension. Subsequently, the 

FeCI3 suspension was added drop by drop to the 

thiophene-graphene suspension and stirred for 

one day at room temperature. After that the PTh-

G composite was filtered and attentively washed 

many times by methanol, water, and acetone, 

respectively. Finally, the resultant composite 

material was dried in a vacuum oven. 

2.3. Fabrication of Au/PTh-G/n-Si/Al SBD 

In this stage, firstly, the aluminum (Al) metal 

coating process was carried out to obtain ohmic 

contact onto the unpolished surface of the Si 

wafer under 10-6 torr pressure. Then, the n-Si/Al 
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structure was maintained at 450 ˚C for 5 minutes 

to enhance the ohmic contact’s quality. Next 

stage, the composite material was dispersed in 

ethanol, then spin-coated onto Si substrate at the 

rotation of 1000 rpm for one minute, and air-dried 

overnight at room temperature. Gold (Au) dots 

were made on the surface of the composite thin 

film by using thermal evaporation system through 

a shadow mask. As a result, the fabrication of the 

Au/PTh-G/n-Si/Al device was completed. The 

schematic representation of the obtained device 

structure is given in Figure 1. In addition, 

reference device (Au/n-Si/Al)  fabrication was 

also performed in order to observe the effect of 

the composite interfacial material on the junction 

parameters. 

2.4. I-V and C-V Measurements  

The I-V measurements of the device were carried 

out under darkness and illumination conditions 

using Keithley source-meter. Additionally, the 

impedance analyzer system ((HP 4192A LF 

Model) was used to determine the C-V behaviors 

at various frequencies. The measurements were 

performed at ambient conditions. More 

information on measurement systems can be 

found in previous studies [5,6]. 

3. RESULTS AND DISCUSSION 

3.1. I-V Results of the Fabricated Devices 

The forward and reverse biased log (I)-V 

characteristics of the PTh-G/n-Si and reference 

diode are shown at dark ambient in Figure 2. 

According to the literature reports, the non-linear 

current-voltage characteristics of the 

metal/polymer junction could be owing to the 

thermionic emission (TE), space charge limited 

conduction (SCLC), or Poole-Frenkel emission 

[18]. The current through a Schottky barrier diode 

under a forward bias voltage is formulated by the 

eq. (1) 

𝐼 =  𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1]     (1) 

In eq. (1), electronic charge, voltage, ideality 

factor, Boltzmann constant, temperature, and 

saturation current are represented by the terms q, 

V, n, k, T and Io, respectively. Io, namely, the 

reverse sturation current can be calculated using 

the equation (2) [19]. 

𝐼0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝(−𝑞𝛷𝑏/𝑘𝑇)       (2) 

herein, the A is the diode area, A* is the effective 

Richardson constant, and b is Schottky barrier 

height. If we rearrange the eqs. (1) and (2), the 

value of n and b can be calculated from the 

following equations [20]. 

𝑛 =
𝑞

𝑘𝑇
(

𝑑𝑉

𝑑𝐼𝑛 𝐼
)        (3) 

and 

𝛷𝑏 =  
𝑘𝑇

𝑞
𝑙𝑛 (

𝐴𝐴∗𝑇2

𝐼0
)                     (4) 

In the heterojunction devices, the current 

transport mechanism is generally analyzed using 

the TE model. According to the TE model, the n 

and the b values of the prepared devices were 

calculated and the results were tabulated in Table 

1. It is clearly seen that the n value of the device 

obtained with the conductive polymer composite 

material is lower than the reference diode. The 

value of n generally expresses the dependence of 

the diode current on the applied potential and 

gives information about the quality of the 

fabricated device. For an ideal SBD, the value of 

n is equal to one, but, in application, n always 

exceed unity. In the present study, the value of n 

is small and closer to unity for the PTh-G/n-Si 

device. Additionally, the leakage current of the 

PTh-G/n-Si device is lower than the reference 

diode as seen in Figure 2. Therefore, it can be said 

that the electrical properties of the reference diode 

were improved after the insertion of the PTh-G 

composite layer between Au and n-Si wafer. On 

the other hand, b is a main parameter to specify 

the attitude of the depletion region in the SBD. 
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Figure 1 A schematic representation of Au/PTh-G/n-Si/Al SBD 

The b value of the PTh-G/n-Si diode was found 

as 0.78 eV, which is higher than that of the 

reference diode (0.74 eV). This situation can be 

attributed to the presence of the PTh-G composite 

interlayer. Since the composite thin film separates 

the metal from the semiconductor material, 

thereby, an increase in the b of MS junction is 

observed.  

 

Figure 2 The log (I)-V plots of the PTh-G/n-Si 

and reference diode at room temperature 

In order to get further insight into the electrical 

properties of the prepared device, determining the 

value of the series resistance (Rs) is also quite 

important. The value of Rs can be easily 

calculated by the Norde method which is 

described as [21]: 

𝐹(𝑉) =
𝑉

𝛾
−

𝑘𝑇

𝑞
 𝐼𝑛 (

𝐼(𝑉)

𝐴𝐴∗𝑇2)     (5) 

here, γ is the first integer greater than n. The value 

of Rs is determined using the following equation: 

𝑅𝑠 =
𝑘𝑇(−𝑛)

𝑞𝐼
        (6) 

here the n value obtained from the In(I)-V plot is 

used. Moreover, the value of the b can be 

computed using this method. The b is given as 

𝑏 = 𝐹(𝑉𝑚𝑖𝑛) +
𝑉𝑚𝑖𝑛

𝛾
−

𝑘𝑇

𝑞
      (7) 

The lowest level of F(V) is F(Vmin), and Vmin is 

the corresponding voltage value. Figure 3 shows 

Norde’s function against the potential for the 

PTh-G/n-Si heterojunction device. Based on 

equations (6) and (7), the b and Rs values of the 

devices were calculated and summarized in Table 

1. According to acquired the results, the values of 

b are in good agreement with those obtained 

from I-V characteristics. 

3.2. C-V Results of the PTh-G/n-Si SBD 

The C-V measurement provides important 

information about the interfacial properties of the 

diode. For this purpose, the C-V measurements of 

the PTh-G/n-Si heterojunction device were 

carried out at room temperature, with a frequency 

range of 100-1000 kHz. The obtained C-V 

characteristics for the PTh-G/n-Si device are 

shown in Figure 4, and the relationship for C-2-V 

characteristics are shown in Figure 5. In Figure 4, 

the capacitance increases with the applied voltage 

in the forward bias region upto a point where it 
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Table 1 Main device parameters of the fabricated devices 
 

Device 

(dark ambient) 

I-V Norde 

n Φb (eV) Φb (eV) Rs () 

Au/n-Si/Al 2.67 0.74 0.74 2762 

Au/PTh-G/n-Si/Al 1.84 0.78 0.77 3479 

reaches a maximum value. Also, the value of the 

capacitance at the peak tends to decrease with 

increasing frequency. The increase in peak value 

of the capacitance occurs because the interface 

states at lower frequencies can follow the 

alternative current (AC) signal and yield an 

excess capacitance which depends on the 

frequency [22]. However, in the high frequency 

limit, the contribution of the interface states which 

can follow the AC signal, to the total capacitance 

is negligibly small. Hence, the capacitance peak 

tends to decrease as frequency increases.   

 

Figure 3 The F(V)-V plots of the PTh-G/n-Si and 

reference device 
 

Additionally, in Figure 5, C-2-V plot of the PTh-

G/n-Si diode exhibits a linear behavior in the 

negative voltage range for all frequency values, 

and at this region, the equation for the connection 

between C-2 and Vd can be given as eq.(8) [22, 

23].  

 

𝐶−2 =
2(𝑉𝑑+𝑉)

𝑞𝜀𝑠𝑁𝑑𝐴2     (8) 

 

Figure 4 The C-V curves of the PTh-G/n-Si SBD 

for different frequencies 

 

Figure 5 The C-2-V curves of the PTh-G/n-Si 

SBD for different frequencies  
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Table 2 The device parameters obtained from C-2-V plot for characteristics of the Au/PTh-G/n-Si/Al SBD 

between 100 and 1000 kHz at the room temperature 

Frequency (kHz) Vd (V) Nd (cm-3) Ef (eV) Φb (eV) 

1000 0.651 9.68*1014 0.265 0.60 

500 0.628 1.02*1015 0.264 0.59 

200 0.605 1.11*1015 0.262 0.57 

100 0.590 1.18*1015 0.260 0.56 

herein, Vd is the diffusion potential at zero bias 

which is determined from the extrapolation of the 

linear C-2-V plot to V axis. Also, εs is the dielectric 

constant of semiconductor, A is the effective area 

of the diode and Nd is the concentration of ionized 

donors. 

In order to determine device parameters of the 

PTh-G/n-Si diode, the C-V curves were used, and 

the obtained results were given in Table 2. 

According to the results, it can be said that the 

paramaters show a weak frequency dependency in 

the applied frequency range. The similar results 

for these paramaters can be found in the literature 

reports [24, 25]. 

3.3. Photocurrent and Responsivity 

Measurements  

Figure 6 show the effect of illumination on the 

PTh-G/n-Si device. It is seen that the diode 

current does not change in the forward bias region 

under white light illumination, on the other hand, 

it increases with increasing light intensity in the 

reverse bias region. Such behavior implies that the 

device has a photodiode characteristic. 

Furthermore, at zero bias, the short circuit current 

(Isc) is sensitive to the intensity of the light. So, it 

can be said that self-powered light detection can 

be achieved with the PTh-G/n-Si SBD [26].  

In the literature, the photoresponsivity (R) and 

photosensitivity (S) behavior of the SBDs are 

usually investigated for photoconductivity 

measurements [26-29]. In this sense, we can say 

that the responsivity is a way to show the 

photoconductivity or the light-induced current of 

a material. The value of R is defined as the ratio 

of electrical output to its optical input in 

Amperes/Watt (AW-1), as shown in equation (9). 

𝑅 =
𝐽𝑝ℎ

𝑃𝑖𝑛
        (9)                                                                                            

where, Jph is the photocurrent dentisty, Pin is the 

incident light power. On the other hand, the 

photosensitivity is simply the ON/OFF ratio for 

current output in the light compared to that in the 

dark, as shown in equation (10). 

 

Figure 6 The I-V plots of the PTh-G/n-Si device 

under dark and different light illumunations 

𝑆 =
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
     (10)

  

In the light of this information, the R and S values 

of the PTh-G/n-Si device were calculated at 

different voltages for various light intensities and 

the obtained results were tabulated in Table 3. It 

is seen that the R and S values of the device vary 

depending on the incident light power. 

Additionally, open-circuit voltage (Voc) and (Isc) 
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Table 3 Photodiode parameters of the PTh-G/n-Si SBD at various light intensities 

Light Intensity 

(mWcm-2) 

Isc (A) Voc (V) Photosensivity (S) Photoresponsivity (R) (AW-1) 

(@-0.5 V) (@-1 V) (@-0.5 V) (@-1 V) 

30 13.2 0.37 676.4 517.1 6.5*10-2 6.6*10-2 

60 23.8 0.40 1159.4 875.6 5.6*10-2 5.6*10-2 

90 36.8 0.41 1936.1 1480.9 6.2*10-2 6.3*10-2 

 

Table 4 Photovoltaic parameters of the PTh-G/n-Si and reported polymer/Si based junctions 

Device 

configuration 

Light Intensity 

(mWcm-2) 

Isc (A) Voc (V) References 

PTh-G/n-Si  90 36.8 0.41 present work 

CU:rGO/n-Si 10 0.48 0.22 [30] 

 150 12.18 0.37  

bisTPAT/n-Si 100 15 0.40 [31] 

PVA(Co-doped)/n-Si 100 19.30 0.28 [32] 

PVA (Bi-doped)/n-Si 250 88.53 0.22 [33] 

PVA (Ni-doped)/n-Si 100 33.2 0.42 [34] 

Pentacene/n-Si 100 ~7 ~0.15 [35] 

Sunset Yellow/n-Si 40 25.45 ~0.15 [36] 

 100 91.84 ~0.18  

Eosin y/n-Si 100 10 0.02 [37] 

Eosin y/p-Si 100 9 0.10  

 

values of the PTh-G/n-Si device were also given 

in Table 3. The results demonstrated that when 

light intensity increased, the photovoltaic 

parameters improved. Furthermore, the 

photovoltaic parameters were compared with the 

relevant literature reports in the Table 4. The 

obtained values suggest that the PTh-G/n-Si 

device can be operated as a heterojunction 

photodiode. 

4. CONCLUSION 

In recent years, extensive research has been 

carried out on conductive polymer carbon-based 

composite materials for various applications due 

to their extraordinary properties. In the presented 

study, the performance of PTh-G composite 

material as an interface layer in the Au/PTh-G/n-

Si/Al SBD structure was evaluated for the first 

time in the literature. For this purpose, firstly, 

PTh-G composite material synthesis was made by 

using the in-situ chemical oxidative 

polymerization method, and then device 

fabrication was carried out. The I-V 

characteristics of the prepared device were 

measured under dark and illuminated conditions 

(30-90 mWcm-2) to provide information about 

important device parameters such as n, Φb, Rs, R, 

and S. The obtained results show that the device 

is highly sensitive to light and exhibits a self-

powering feature under illumination. 

Additionally, C-V measurements show that the 

fabricated device has capacitance feature and this 

capacity change as a function of the frequency. 

So, based on the obtained results, it can be said 

that the fabricated Au/PTh-G/n-Si/Al SBD can be 

used in optoelectronic applications. 
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