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Abstract.  In this work, copper phthalocyanine (CuPc) thin film was deposited by spin coating technique 

on n-Si substrate. CuPc/n-Si (100) heterojunction diode was fabricated. This heterojunction showed the 

rectifying behavior such as a good Schottky diode. By using curent–voltage measurement of the 

Au/CuPc/n-Si/In Schottky diode at dark and day light, a number of diode parameters were evaluated on 

the basis of the theory of thermionic emission. The ideality factor (n) values were determined as 2.49 and 

2.13 for dark and day light, respectively. The barrier height (  ) values were determined as 0.757 eV and 

0.776 eV for dark and day light, respectively.  The electrical properties of the Au/CuPc/n-Si/In Schotkky 

diode were also characterized in term of capacitance–voltage (C–V) technique at dark and light. The 

estimated values of donor concentation (Nd) and barrier height (  ) of the Schottky diode at dark and 

light were found to be 4.88-2.97 x 1013 cm-3 and 1.683-1.502 eV, respectively. Further, analysis of the log 

I– log V curves, while at low forward bias voltages shows ohmic conduction, at higher forward bias 

voltages shows that transport through the CuPc thin film is clarified by a space-charge-limited current 

(SCLC) process. 
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1.      Introduction   

 

Due to their technological advances in the field of optoelectronics applications, 

the electrical characteristics of metal-semiconductor (MS) and metal-insulator/organic 

semiconductor (MIS/MOS) type Schottky barrier diodes (SBDs) have been extensively 

studied in the last decades. Recently, researchers have reported the effect of organic thin 

layers on the conduction mechanisms of diodes in the studies of optoelectronic devices 

and applications (Patil et al. 2020; Karimov et al., 2014; Missoum et al., 2016; Oruç et 

al., 2018; Vijayan et al., 2018; Pfuetzer et al., 2009; Müller et al., 2010). One of them 

are metal phthalocyanine (MPc) based thin films (MgPc, CuPc, and ZnPc ect.) 

deposited on a semiconductor substrate by using different techniques. For the future 

development of molecular devices, a MPc is the most promising materials in very 

diverse applications such as semiconductor junctions, solar cells, molecular gas sensors, 

organic light emitting diodes (OLEDs),  and organic field-effect transistors (Nozoe & 

Matsuda 2017; Melville et al., 2018; Grant et al., 2019; Morse et al., 2010; Rodriquez et 

al., 2013; Melville et al., 2015) 
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Copper phthalocyanine (CuPc) has become an exciting compound for its use in 

many applications including organic light-emitting diodes (Ma et al., 2019) and 

photovoltaic cells (Seoudi & Althagafi 2018) due to its perfect optoelectronic 

properties, chemical stability and high thermal features. Sekhar Reddy et al. (2017) 

fabricated Au-CuPc nanocomposite films by concurrent evaporation of CuPc and Au 

with distinct CuPc and Au concentrations on n-Si wafer. They reported that the barrier 

height of the n-Si/Al diode with Au-CuPc interlayer increased with decreasing Au 

concentration. Ullah et al. (2019) fabricated an Al/CuPc/n-Si/Al Schottky diode and 

investigated its temperature-dependent electronic properties by probing the flow of 

charge carriers across the barrier. Sekhar Reddy et al. (2018) investigated effects of the 

thickness of copper phthalocyanine (CuPc) film (2, 5, 10, 15, 20, 30 and 40 nm) on 

electrical properties of Au/CuPc/n-Si/Al Schottky diode and reported that the Schottky 

barrier height of the diode decreased with decreasing thickness of the CuPc film up to 

15 nm and stayed unaltered for thickness above 20 nm, referred to the incapability of 

the of the carriers to attain the interface. 

In this study, we developed Au / insulator / n-Si Schottky diode to investigate the 

potential of CuPc film that use as an insulator layer. In recently, there has been many 

studies of organic materials for their use in Schottky diodes to improve the main 

Schottky diode parameters such as the ideality factor and the barrier height.  A Schottky 

diode having the requested electronic properties can be achieved in the selection of a 

convenient interlayer. In this context, phthalocyanines can be considered to be one of 

the most consistent organic semiconductors for different optoelectronic applications. 

CuPc films are used to prepare a heterojunction in the form of CuPc/n-Si. The light-

sensitive characteristics of the CuPc/n-Si diode are reported by current-voltage and 

capacitance-voltage measurements. Herein, we demonstrated that carrier conduction of 

the Au/CuPc/n-Si structure is possessed by space-charge-limited current at higher 

forward bias region. 

 

2.       Experimental details 

 

In the present study, to produce Schottky barrier diode with a CuPc interface, n-

type Si (purchased from University wafer) crystal with (100) orientation and wafer 

thickness of 380 μm was used. To remove the undesirable impurities and surface 

damaged layer, the crystal was cleaned by the RCA method (Tuğluoğlu et al., 2015) and 

then rinsed ultra pure water (18 M ). To form ohmic contact on the back side of Si, 

indium (In) metal (99.99%, purchased from Kurt J. Lesker) was deposited in a vacuum 

coating system under 6 x 10
-5

 Torr and then, it was annealed at 400 
o
C in flowing N2 gas 

in a furnace for 5 min. The CuPc solution was prepared using 10 mg CuPc (purchased 

from Sigma-Aldrich), 100 ml ammonia and 100 ml ethanol. The CuPc solution was 

applied on the front face of the n-Si crystal by spin coating method with a Laurell Spin 

Coater. Lastly, in order to achieve Schottky contact, gold (Au, 99.99%, purchased from 

Kurt J. Lesker) metal was evaporated under pressure of 6 x 10
-5

 Torr on the CuPc thin 

film, deposited on the front face of the n-Si crystal. The device was formed in 

Au/CuPc/n-Si/In structure. Fig. 1(a) displays the diagrammatic demonstration of the 

Au/CuPc/n-Si/In structure. Fig. 1(b) displays the organic structure of copper 

phthalocyanine (CuPc). Current-voltage (I-V) and capacitance-voltage (C-V) 

measurements were taken in the dark with a Keithley 2400 Sourcemeter and HP 4192A 

Impedance Analyzer, respectively. The thickness of the organic interlayer was 
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determined approximately 810 nm from capacitance-voltage plot for 1 MHz. The 

thickness of the organic interlayer was influenced with the fundamental electrical 

parameters of the device. The current density decreased with the increasing active layer 

thickness. The electrical characteristic was influenced by the nature and thickness of the 

electrode that defines the Schottky barrier, which can directly affect the rectification 

ratio and the leakage current (Khaldi et al., 2018). 

 

 
 

 

(a)                                                                    (b) 

 
Figure 1. a) The cross-section of the Au/CuPc/n-Si/In Schottky structure 

 b) the organic structure of CuPc 

 

3.       Results and discussion 

 

3.1. Current-voltage analysis of CuPc/n-Si Schottky structure  

Based on a thermionic emission theory, the current in CuPc/n-Si Schottky barrier 

diodes can be described as (Sze, 1981; Tuğluoğlu et al., 2015; Rhoderick & Williams 

1988; Akın et al., 2019) 

 

                                                     
  

   
     ,                                                 (1) 
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where n is the diode ideality factor, b  is the Schottky barrier height, I0 is the saturation 

current, A is the Schottky area, q is the electronic charge, A*  is Richardson constant, 

and T is the absolute temperature in Kelvin. The values of b  and n are estimated from 

the forward-bias characteristics of the current-voltage (I-V) through the relations 

(Tuğluoğlu et al., 2015; Yüksel et al., 2015; Akın et al., 2019). 
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The current–voltage (I-V) curves of the Au/CuPc/n-Si/In Schottky diode under 

dark and day light are shown in Fig. 2. According to Eq. (3), the values of ideality factor 

and the barrier height of the diode at dark and day light have estimated to be n  2.49 

and 2.13 and     0.757 eV and 0.776 eV, respectively. The current–voltage 

characteristics of Al/CuPc/n-Si/Al diode fabricated by thermal vacuum evaporation at 

300 K and dark were investigated by Ullah et al. (2019). The values of various junction 

parameters, such as barrier height and ideality factor were determined from the forward 

bias I–V characteristics. The values of the barrier height and ideality factor were found 

to be 0.8 eV and 13.4 for junction fabricated at 300 K, respectively. Both the ideality 

factor and the barrier height values determined by us are lower than the values 

determined by Ullah et al. (2019). Furthermore, effect of copper phthalocyanine 

thickness on electrical properties of Au/CuPc/n-Si Schottky diode prepared by thermal 

vacuum evaporation were investigated by Sekhar Reddy (2018). The ideality factor and 

barrier height of the Au/CuPc/n-Si Schottky diode with 2 nm-thick CuPc interlayer 

were obtained as 1.16 and 0.77 eV and those of the diode with 40 nm-thick CuPc film 

were 1.62 and 0.81 eV, respectively. Pakma et al. have prepared Al/Coronene/n-Si 

diode and found to be n  2.81 and 2.07 and     0.697 eV and 0.755 eV for dark and 

100 mW/cm
2
, respectively (Pakma et al., 2017). Manthrammela et al. (2019) have 

fabricated Au/Indigo/n-Si diode and found to be n  4.39 and     0.763 eV. The high 

values of ideality factor have related to the presence of CuPc layer at Au/n-Si interface 

and barier inhomogeneities (Manthrammela et al., 2019). As seen in Fig. 1, the I–V 

characteristics of the Au/CuPc/n-Si/In Schottky diode display that the reverse current of 

the curves increases with light intensity. After light intensity, the increase in the current 

value is evaluated as an effect of the generation of hole-electron pairs through the 

absorption of light incident on the diode and this value is known the net photocurrent 

(Özerden et al., 2015; Yakuphanoğlu et al., 2007; Akın et al., 2019). 

 
Figure 2. The semilogarithmic plot of the current (I) versus bias (V ) of Au/CuPc/n-Si/In diodes 

under dark and light 
 

The current-voltage (I–V) characteristic of the diode is illustrated in double 

logarithmic scale as displayed in Fig. 3 to show which mechanisms explain the diode 

behavior. As seen in Fig. 3, the current displays a power law exponent of the             
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form I ∼ V 
m
. There are three different regions in the forward bias, in region I (0.01-0.05 

V), the current is proportional to the applied voltage (i.e. I ~ V, m=1.08). This shows 

that the current transport is followed by Ohm’s law and is controlled by low voltage 

tunnelling through the deep-level trap states (Aydoğan et al. 2010; Ocak et al. 2009). In 

region II (0.14-0.40 V), the current transport obeys the power law (i.e. I ~ V
2
, m=2.0) 

confirming space charge limited current (SCLC) mechanism in which trap-states are 

filled with charges (Amin et al., 2010) and followed by a linear dependence (i.e. I ~ V, 

m=1.26) in region-III again after 0.85 V. 

 

 

Figure 3. The log I – log V characteristics at high forward applied voltages 

 

3.2. Capacitance-voltage analysis of CuPc/n-Si Schottky structure 

Fig. 4 displays the measured capacitance-voltage (C-V) measurements under dark and 

day light at 1MHz frequency for Au/CuPc/n-Si Schottky diode.  The C-V data of 

CuPc/n-Si structure can be analyzed by the subsequent equations (Sze 1981; Rhoderick 

and Williams 1988; Ocak et al., 2009; Aldemir et al., 2011; Tuğluoğlu & Karadeniz 

2012): 

                                        
        

         
 ,                                                                    (4)              

                                  
      

  
 

 

         
 ,                                                                    (5) 

                                                      ,                                                         (6) 

 

where     is the built-in voltage,     is the carrier concentration, A is the device area,    

is vacuum permittivity                   (Sze 1981),    is the permittivity of the 

semiconductor,          is the Schoty barrier height,    is the energy difference 

between conduction band edge and the bulk Fermi level and      is the lowering of 

image force. As seen in Fig. 4, the capacitance value is smoothly increased with 

increasing the voltage, showing a sharp rising at higher voltages and then reaches a 

peak. Figure 5 displays the 1/C
2
-V curve extracted the data of Fig. 4 under dark and day 

light for Au/CuPc/n-Si stucture. As seen in Fig. 5, the 1/C
2
-V curve is linear, which 

displays the formation of Schottky contact. It is calculated that the     from the 
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extrapolation of 1/C
2
-V curve to the bias axis. The values of           and         

from Eqs. (4-6) for dark and light have found to be 1.348-1.165 V, 4.88-2.97 x 10
13

cm
-3

, 

0.343-0.344 eV and 1.683-1.502 eV, respectively.  If Schottky barrier height determined 

from C-V data is compared with determined I-V data, one can see that, Schottky barrier 

height determined from C-V is higher than those from I-V. This variation can be 

expressed by a dispersion barrier height due to inhomogenities that form at 

semiconductor-metal interface. This difference can also be referred to the CuPc layer 

plus interfacial layer between the n-Si and Au metal. Similar behavior is seen in the 

literature (Ocak et al. 2009; Aldemir et al., 2011; Tugluoglu & Karadeniz 2012). 

Furthermore, the barrier height values of the Au/CuPc/n-Si Schottky diode fabricated by 

Sekhar Reddy et al. (2018) varied from 1.05 to 1.12 eV with the variation of CuPc 

thickness from 0 to 40 nm. 

 

 
Figure 4. Plots of capacitance (C) versus voltage (V) of Au/CuPc/n-Si/In Schottky diode in dark 

and under light 

 

 
 

Figure 5.  Plots of 1/C2 versus V of Au/CuPc/n-Si/In Schottky diode under dark and light 
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4.      Conclusions 

 

In this study, we performed the detailed I-V and C-V analysis of Au/CuPc/n-Si 

Schottky diodes at dark and day light. For dark and day light measurements, the values 

of Schottky barrier height )( b  and ideality factor )(n  from I–V data were determined 

as 2.49-2.13 and 0.757-0.776 eV, respectively. The Schottky barrier height )( b  values 

determined from C–V data were 1.688-1.502 eV. The calculated diode parameters were 

improved by the effect of light. 

We also observed space-charge-limited current effects in Schottky diodes 

obtained with CuPc interfacial layer deposited on n-Si wafer using spin coating method. 

It was seen that the thermionic emission operation forms in the low forward voltage 

range and the space-charge-limited current (SCLC) was the dominant mechanism in the 

high forward region. 

The diode current value for light was higher than the diode current value for dark 

at the equal reverse voltage (-2 V). It was shown that the Au/CuPc/n-Si structure 

exhibited to light-sensitive action. It was evaluated that the Au/CuPc/n-Si structure can 

be used as a photosensor for optoelectronic. 
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