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Abstract: Copper phthalocyanine (CuPc)/n-silicon junction was fabricated using thermal evaporator method. X-ray 
analysis of the CuPc film confirms the β-phase with preferred orientation along (100) direction. The crystallite size of the 
CuPc film was estimated using XRD data and observed to be about 12.6 nm. The current-voltage characteristics of 
Au/CuPc/n-Si/Au device was studied in dark and under illumination. The device showed diode characteristics. The diode 
parameters such as ideality factor, barrier height and series resistance were determined using different techniques such 
as conventional forward bias I-V characteristics, Cheung method and Norde’s function. A good agreement between the 
diode parameters calculated form these methods was observed. The analysis of the diode characteristics confirmed that 
the transport mechanism of the Au/CuPc/n-Si/Au diode at the higher electric fields was governed by the space-charge-
limited currents. The photoconducting behavior of the diode suggests that it can be used as a photosensor in 
optoelectronic applications.  
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INTRODUCTION  

Phthalocyanine compounds have attracted 
considerable attention because of their wide 
applications in organic light emitting diodes, field effect 
transistor, laser protection, molecular sensor, and solar 
cells [1-4]. Copper phthalocyanine (CuPc) is used as 
an active layer in these devices because of its low cost, 
low toxicity, high chemical stability and compatibility 
with flexible substrate [5, 6]. In addition, copper 
phthalocyanine could be grown as very thin films under 
ultra-high vacuum [7]. The properties and efficiency of 
the devices largely depend on the junction 
characteristics, therefore it is very important to 
understand the electronic properties at junction for 
CuPc. 

Gorgoi and Zahn have studied the charge-transfer 
mechanism at silver/phthalocyanines interfaces [8]. A 
physisorption model for charge transport was reported 
based on the observation that a charge-transfer from 
Ag to CuPc occurs at the Ag/CuPc interface for thicker 
Ag layers but there was no sign of chemical interaction. 
A hysteresis and offset of current–voltage character-
istics of diodes based on Ag/CuPc/ITO was reported 
[9]. Prabakaran et al [6] have fabricated a hybrid solar 
cell using CuPc and porous silicon. They used different 
volume fractions (52% and 62%) of porous Si 
crystalline for fabrication of a hybrid solar cell. It was 
observed that the porous silicon layer with a 
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more crystalline fraction was more appropriate for 
hybrid solar cell performances. 

Junction properties of ITO/CuPc/Al diodes were 
studied at various temperatures [10]. It was observed 
that the charge-transport mechanism of the device 
largely depend on bias voltage and temperature. At low 
bias and high temperature, the charge transport follow 
the Poole–Frenkel type transport model, whereas at 
high bias and low temperature, space charge limited 
current controlled by an exponential distribution of traps 
was the dominating charge transport mechanism.  

In present study, we have fabricated CuPc/n-silicon 
junction using thermal evaporator method. Current-
voltage characteristics of the device was studied in 
dark and under illumination. Various junction 
parameters were calculated. The charge-transport 
mechanism of the device was proposed based on its 
current-voltage characteristics.  

EXPERIMENTAL DETAILS 

The copper phthalocyanine powder used in this 
study was obtained from Aldrich, USA. The CuPc film 
was deposited on n-silicon using thermal evaporator 
technique under high vacuum (1×10-6 mbar). The 
average rate of CuPc evaporation was 0.1 nm/s. 
Before CuPc deposition, the native oxide layer of the 
silicon substrate was etched using HF solution and 
then rinsed in deionised water using an ultrasonic bath 
for 10-15 min. Finally silicon wafer was chemically 
cleaned according to method based on successive 
baths of methanol and acetone. Top contact of the 



Carrier Transport Mechanism of Copper Phthalocyanine Based Photodiode Journal of Solar Energy Research Updates, 2015, Vol. 2, No. 1      19 

diodes was prepared by evaporating Au metal. The 
area of the Au contact was 3.14 × 10-2 cm2. The 
structural characterization was done using X-ray 
diffraction (XRD). The XRD spectra of the films were 
recorded with Bruker AXS x-ray diffractometer using 
the 2θ-θ scan with CuKα. The optical transmittance 
measurements were made using UV-visible 
spectrophotometer (Ocean Optics HR4000). The 
current-voltage (I-V) characteristics of the diode were 
performed with KEITHLEY 4200 semiconductor 
characterization system. Photo dependence measure-
ments were performed using a 200 W halogen lamp.  

RESULTS AND DISCUSSIONS 

The X-ray diffraction pattern of the as grown CuPc 
film is shown in Figure 1. It is well known that 
phthalocyanine materials can exist in several crystalline 
polymorphs, such as α, β, x, and γ polymorphs [11]. 
The obtained XRD pattern of the CuPc film indicates β-
form with preferred orientation along (100) plane. 
Rajesh et al [12] have observed similar behavior for 
vapor deposited CuPc film. The crystallite size (L) of 
the CuPc was estimated using Scherrer’s formula: 

 
Figure 1: X-ray diffraction pattern of CuPc film. 
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where λ is the wavelength of the X-ray, βo is the width 
at half maximum intensity in radians, θ is the Bragg's 
angle. The mean crystal size of the CuPc was 
estimated to be 12.6 nm. The optical absorbance and 
transmittance spectra of the CuPc film is shown in 
Figure 2. As seen in the transmittance spectra, CuPc 
shows B (π → π*) band around 450 nm and Q (n → π*) 

band around 670 nm. Chiu et al [13] have observed 
similar absorption spectra for the physical vapor 
deposited CuPc films. The optical band gap of the film 
was calculated using the data of transmittance vs. 
wavelength plot. The absorption coefficient (α) was 
determined by equation α  =  ln (1/T)/d, where T is the 
transmittance and d is the film thickness. The band gap 
of film is determined by plotting (αην)2 versus ην [14]. 
Extrapolation of this plot to α2 = 0 gives the optical band 
gap energy of CuPc (Figure 3). The band gap of the 
CuPc was observed to be 1.77 eV. The obtained 
bandgap of CuPc is in good agreement with other 
reports [15, 16].  

 
Figure 2: Optical absorbance and transmittance spectra of 
CuPc film. 

 

 
Figure 3: Photon energy dependence of (αhν)2 of CuPc film.  

The current-voltage (I-V) characteristic of 
Au/CuPc/n-Si/Au device was studied in dark and under 
illumination. Figure 4 shows the I-V characteristics of 
the device under dark whereas Figure 5 and 6 shows 
the I-V characteristics of the device in dark and under 
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illumination. The inset of Figure 5 shows the schematic 
diagram of the device. The device clearly shows the 
non-linear behavior similar to diode. Such non-linear 
behavior could be analyzed using thermionic emission 
model. According to this model, the current of the diode 
could be expressed as [17] 

 
Figure 4: I-V characteristic of the Au/CuPc/n-Si/Au diode in 
dark. 

 

 
Figure 5: I-V characteristic of the Au/CuPc/n-Si/Au diode in 
dark and under illumination.  

I = Io[exp(qV/nkT) -1]           (2) 

where, Io is the saturation current, k is the Boltzmann 
constant, T is the absolute temperature, q is the 
elementary electric charge, V is applied voltage, and n 
is the ideality factor. The saturation current (Io) is 
expressed as  

Io= AA*T2exp(-qφb/kT)          (3) 

where, A is the active device area, A* is the effective 
Richardson constant, and φb is the barrier height. The 
ideality factor and the barrier height of the device was 
determined from the expressions given below:  

n = [q/kT].[dV/d(lnI)]           (4) 

φb = kT/ qln(AA*T2/ Io)          (5) 

The ideality factor and the barrier height of the diode 
was estimated to be 4.62 and 0.48 eV. The higher 
ideality valve could be due to presence of native oxide 
layer on the silicon substrate, accelerated recom-
bination of electrons and holes in the depletion region, 
the presence of interfacial layer, and the presence of 
imperfections [17-20]. The ideality factor of 3.02 and 
barrier height of 0.84 eV was reported for FTO/CuPc/Al 
Schottky device [12]. 

The energy band diagram and structure of 
Au/CuPc/n-Si/Au diode is shown in Figure 6b, in which, 
Ef is the Fermi level, d is the thickness of organic layer, 
φb is the barrier height, Eg is the band gap of the semi-
conductors, and w is the width of the depletion region. 
In order to analyze the contribution of high electric 
fields to I-V characteristics of the Au/CuPc/n-Si/Au 
diode, the forward bias I-V characteristics were plotted 
in double logarithmic scale, as shown in Figure 7. As 

                                
     (a)       (b) 

Figure 6: (a) logI-V characteristic of the Au/CuPc/n-Si/Au diode in dark and under illumination and (b) Energy band diagram of 
the diode.  
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seen in Figure 7, the plot exhibits two linear regions. 
The lower potential region (I) shows a slope of 1.39, 
whereas as the higher potential region shows a slope 
of 1.07. The power low behavior observed in the log(I)-
log(V) plot indicates that charge transport of the diode 
is influenced by space-charge-limited current (SCLC) 
process. Huang et al [21] have also observed two 
linear regions in the log(I)-log(V) plot of the Au/CuPc/Al 
Schottky diode. The first region showed a slope of 1.9 
and second region showed a slope of 5. For the Au/p-
ZnPc/p-Si diode, only one linear region with a slope of 
2 was reported [22]. The SCLC process occurs only 
when the injecting electrode is an Ohmic contact, and 
therefore a reservoir of charge is presented. When an 
Ohmic contact is applied, majority carriers could be 
injected into the CuPc film, and when the injected 
carrier concentration exceeds the thermally generated 
concentration, the SCLC becomes dominant. The 
observed higher ideality factor could be due to 
presence of series resistance across the junction. The 
series resistance of the junction is determined from the 
forward bias I-V characteristics. According to Chenug 
and Cheung methods, the forward bias I-V 
characteristic of a device having series resistance is 
expressed by the following relation [23]  

 
Figure 7: The forward bias log(I)-log(V) plot of Au/CuPc/n-
Si/Au diode. 

I = Ioexp[q(V-IRs)/nkT]           (6) 

where, the IRs is the voltage drop across the series 
resistance of device. The value of series resistance is 
determined by the following equation 

H(I) = nφb + IRs           (7) 

where, H(I) = V – (nkT/q)ln(I/AA*T2)        (8) 

Series resistance for the diode was calculated using 
equation (7). A plot of H(I) versus I will linear, the slope 
of this plot gives a value of series resistance (Figure 8). 
The value of series resistance of the diode was 
calculated as 6.3 kΩ. The series resistance of the 
diode was also calculated using Norde’s method for 
comparison [24]. In Norde model, the Norde functions 
can be given by the following relation,  

 
Figure 8: The forward bias H(I)-I plot of Au/CuPc/n-Si/Au 
diode. 

F(V) = V/γ – (kT/q)ln[I(V)/AA*T2]         (9) 

where, γ is the integer (dimensionless) greater than n. 
the minimum of the F vs. V plot was used to determine 
the series resistance. Figure 9 shows the F(V) vs. V 
plot of the Au/CuPc/n-Si/Au diode. The value of series 
resistance of the device was calculated using the 
equation given below 

Rs = kT(γ - n)/qI         (10) 

The value of the series resistance was found to be 
5.7 kΩ. It is seen that the Rs resistance values obtained 
from Cheung and Norde methods are in agreement 
with each other. The obtained Rs value is higher and 
this causes non-linear I-V characteristics of the diode, 
in which the ideality factor is deviated from ideal value.  

CONCLUSION 

A photodiode using CuPc was fabricated using 
thermal evaporator method. The as deposited CuPc 
film shows preferred orientation along (100) direction. 
The detailed current-voltage characteristics of the 
diode was studied under dark and light. It was 
observed that the current-voltage characteristics of the 
device is sensitive to light. The charge transport 
mechanism of the device was investigated. It was 
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found that at the higher electric fields, the charge 
transport mechanism is governed by space-charge-
limited currents. The junction parameters such as 
ideality factor, barrier height and series resistance were 
calculated. The obtained results indicate that 
Au/CuPc/n-Si/Au diode can be used as a photosensor 
in optoelectronic applications. 
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