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Abstract—An organic bulk heterojunction (BHJ) was fabricated 

using a blended film containing Copper (II) tetrakis(4-
cumylphenoxy)phthalocyanine (Tc-CuPc) along with [6,6]-Phenyl 
C61 butyric acid methyl ester (PCBM). Weight ratio between Tc-
CuPc and PCBM was 1:1. The electrical properties of Tc-
CuPc:PCBM BHJ were examined. Rectifying nature of the BHJ was 
displayed by current-voltage (I-V) curves, recorded in dark and at 
various temperatures. At low voltages, conduction was ohmic 
succeeded by space-charge limiting current (SCLC) conduction at 
higher voltages in which exponential trap distribution was dominant. 
Series resistance, shunt resistance, ideality factor, effective barrier 
height and mobility at room temperature were found to be 526 Ω, 482 
kΩ, 3.7, 0.17 eV and 2×10-7 cm2V-1s-1 respectively. Temperature 
effect towards different BHJ parameters was observed under dark 
condition.  
 
Keywords—bulk heterojunction, PCBM, phthalocyanine, spin 

coating. 

I. INTRODUCTION 

N recent years, organic materials have become 
progressively important due to their diverse applications. 

Metallo-phthalocyanines (MPcs) have achieved substantial 
consideration because they have been incorporated with 
success in numerous application fields e.g. sensors [1], 
photovoltaic cells [2]-[4] and organic light-emitting diodes 
[5]. Thin films of Phthalocyanines are chemically and 
thermally durable and are prepared by vacuum thermal 
evaporation [4], [6], [7]. In contrast to relatively expensive 
technique i.e. vacuum evaporation, wet processing such as 
spin coating and drop casting have been established as low-
cost, low-temperature and swift methods of obtaining organic 
thin films from solutions.  

Low molecular weight semiconductors e.g metallo-
phthalocyanines are unsuitable for wet processing because of 
their limited solubility in some well-known organic solvents. 
Therefore, their heterojunctions have generally been fabricated 
with layered [8] structures by vacuum evaporation. 

A straightforward, and still an advantageous technique is 
the solution-processed bulk heterojunction (BHJ). In BHJ i.e. 
blended device, p and n-type organic semiconductors are co-
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dissolved in an organic solvent and spin-coated as a single 
organic blended film. This supports better charge transport. 
Hence, the main yield of the BHJ over the conventional (two 
layer) heterojunction is the tremendous increase of the 
interfacial area between p and n-type moieties throughout the 
bulk volume of the film. To examine the electrical and charge 
transport properties of metallo-phthalocyanines, their 
corresponding soluble derivatives can readily be incorporated 
in active layers of bulk heterojunctions. Thickness of film, 
quality of interface and temperature are some factors that 
influence the fundamental electrical traits of such 
semiconductors. Electrical behavior of organic semiconductor 
heterojunctions is greatly influenced by temperature [9]-[11]. 
Temperature-dependent parameters e.g ideality factor, n, 
leakage current, I0, shunt resistance, Rsh, and series resistance, 
Rs, greatly influence heterojunction device performance, 
especially in photovoltaic devices that generally are installed 
in varying temperature ranges of 10-50°C. Study of electrical 
properties as function of temperature for these devices is vital 
to predict their performances at higher temperatures. For 
organic electronic devices, wide range temperature variation 
has been justified as an advantageous method for establishing 
deep concept of charge carrier transport.In this study, we 
examined the electrical properties of simple BHJ based on a 
blended film of a soluble phthalocyanine derivative Copper(II) 
tetrakis (4-cumylphenoxy) phthalocyanine (Tc-CuPc) with C60 
derivative [6,6]-Phenyl C61 butyric acid methyl ester (PCBM) 
as a single organic active layer. Tc-CuPc is p-type 
semiconductor [3], and PCBM with high electron affinity was 
used as an n-type. Fig. 1 shows the molecular structure of both 
the semiconductors. 

 
Fig. 1 Molecular structure of (a) Tc-CuPc and (b) PCBM 

II. EXPERIMENTAL 

The fabrication of BHJ was carried out in the following 

manner: 

A hole extracting layer of Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS) 
complex was spin-casted over a pre-cleaned indium-tin-oxide 
(ITO) slide at 1400 rpm for 78 s and then allowed to dry at 
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100 ºC for 10 minutes under ambient pressure. The blended 
solution was then prepared by dissolving 10 mg each of Tc-
CuPc (Sigma Aldrich) and PCBM (Nano C) in 1 ml ortho-
dichlorobenzene (o-DCB) solvent. The solution was kept 
stirring for 12 hours. The overall concentration of the solution 
was 2 % wt./vol. The Tc-CuPc:PCBM blend was spin-casted 
over the PEDOT:PSS film at 1200 rpm for 1 minute. The 
thickness of Tc-CuPC:PCBM layer was 70 nm. Finally, Al 
electrode of 70 nm thickness was evaporated over the Tc-
CuPC:PCBM blended layer through shadow mask in vacuum 
better than 10-6 Torr by vacuum evaporator. The rate of Al 
deposition was maintained at 15-20 Å/s. The effective area of 
BHJ was 0.12 cm2. Fig. 2. shows the schematic diagram of the 
fabricated Tc-CuPc:PCBM BHJ. Current-voltage (I–V) 
readings were acquired using Keithley 236 measurement 
system. Characterization of the fabricated Tc-CuPc:PCBM 
bulk heterojunction was done on basis of dark I–V curves 
recorded in temperature range of 296-363 K. Temperature 
gradient was maintained at 3-4 minutes/°C.  

 
Fig. 2 Schematic diagram of fabricated Tc-CuPc:PCBM BHJ 

 

III. RESULTS AND DISCUSSIONS 

In forward and reverse bias, dark current-voltage-
temperature (I-V-T) curves of the Tc-CuPc:PCBM bulk 
heterojunction are shown in Fig. 3. Apparently the I-V curves 
are asymmetrical, nonlinear and exhibiting rectifying 
behavior. At room temperature (23°C), rectification ratio (RR) 
i.e. ratio of current in forward bias to the current in reverse 
bias, at ±1 V was determined to be 14.7.  
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Fig. 3 Dark I-V-T curves of the ITO/PEDOT:PSS/Tc-CuPc:PCBM/Al 
BHJ 

Apart from other parameters, shape of I-V curves of a 
heterojunction is also dependent on basic electrical parameters 
such as series resistance, Rs, and shunt resistance, Rsh. Fig. 4 
shows differential resistance as a function of voltage at 
different temperatures in the range of 296-363 K. From room 
temperature curve of, series resistance (as minimum of curve) 
and shunt resistance (as maximum of curve) were determine as 
526 Ω  and 482 kΩ respectively.   
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Fig.4 Dependence of differential resistance on voltage and 
temperature 

 
Exponentially variation of current at small voltages e.g. V ≤ 

0.1 Volts, is according to Shockley’s relation [11], [12]: 
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The above equation leads to the following equation: 

 

nkT

qV
II += 0lnln  

 
(2) 

where q is charge of electron, I0 is reverse saturation current, , 
k is Boltzmann’s constant, n is diode quality factor and T is 
absolute temperature.  

 
Ideality factor and reverse saturation current found from y-

intercept and slope of the room temperature semi-log I-V 
curve of Fig. 5, were 3.7 and 112 nA respectively.  
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Fig. 5 Semi-log of room temperature dark I-V curves.  
 

Linear relation between current and voltage i.e Ohmic 
conduction attributed to carriers generated thermally, is 
observed at low voltages e.g. V < 0.1 Volts as shown in Fig. 6. 
Current density, J, for this region the is expressed as [6], [13]: 

 

d

V
J ohmic

σ
=  

 
(3) 

where V is the applied voltage, d is thickness of film and σ 
is the thermal conductivity. 

Current dependence on higher voltages e.g. V  > 0.1 Volts is 
of the J ∝ V 

m form and m ≥ 2 (power law), indicating a space-
charge limited current (SCLC) conduction. Hole injection by 
PEDOT:PSS into the highest occupied molecular orbit 
(HOMO) of Tc-CuPc besides electron injection by Al into the 
lowest unoccupied molecular orbit (LUMO) of PCBM  
represents forward bias. 

Number of holes generated thermally at low voltages is 
small and the injected hole density is inadequate that the 
overall behavior emerges as ohmic. With the rise in voltage, 
density of injected holes rises, this dominates the blended 
layer’s charge carrier transport capacity, and consequently a 
space of positive charge aggregates near the anode. Current is 
limited when applied electric field is dominated by the field 
due to space charge, this gives rise to space-charge limiting 
current (SCLC) conduction mechanism. Bulk relaxation time 
exceeding the transit time of any excess injected carrier gives 
rise to SCLC [14], in other words if the mobility of bulk layer 
is not high enough such that rate at which the extra injected 
are moved to the collecting electrode is not on a par with the 
rate at which they are being injected [6]. 
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Fig. 6 Double-log of room temperature dark I-V curves. 
 

Current generally varies with voltage according to the 
following relation: 

 
m

VI ∝  
 

(4) 

Taking log on both sides of (4) results in the following 
expression : 

 VmI loglog ∝  (5) 

It is obvious from (5), that ohmic and SCLC regions can be 
differentiated on basis of the slope of the double log I-V curve 
shown in Fig. 6. In region-I, the slope of the curve is 
approximately unity, which reflects ohmic conduction as a 
result of charge carriers generated thermally whereas slope of  
2 in region-II i.e. power law variation of current with voltage, 
reflects trap-free space-charge limited current (TFSCLC) 
conduction [6]. Remember absence of traps in the materials 
should not be necessarily inferred from a slope of 2. Due to 
the fact that in organic semiconductors charge carrier mobility 
is not high enough to sweep extra-injected charges to the 
receiving electrode at same instant at which they are being 
injected therefore trap-free space-charge limited current 
(TFSCLC) flows under such circumstances as given below 
[6], [14], [15]: 
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(6) 

where d is film thickness of blended layer i.e. 70 nm, µ is 

mobility and εS is the static relative dielectric constant of 
organic films i.e. the product of  free space and average 

relative dielectric constants. Free space dielectric constant, εO, 
is 8.854x10-12  F·m-1, whereas the average relative dielectric 
constant, εR, for Tc-CuPc (εR ≈ 3.6) [16] and PCBM (εR ≈ 3.9) 
[8] is 3.75. Slope above 2 in region-III, indicates traps 
dominant SCLC conduction mechanism. Organic spin-coated 
thin films have a common trait that structural and lattice 
defects along with different impurity centers introduced during 
film deposition gives rise to charge carrier traps. Child’s law 
governs the variation of current density with square of voltage 
in this region, expressed as [4], [15], [17]: 
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where NT is trapped charge carrier density, N0 is free charge 
carrier density and θ is the trap factor, given by the following 
expression: 

 

TNN

N

+
=

0

0θ  
 

(8) 

Mobility, µ, of Tc-CuPc:PCBM blended layer was 
estimated from Fig. 6 by applying (6) in TFSCLC region. It 
was approximately 2.02 × 10-7 cm2·V-1·s-1.  

Plot of reverse saturation current density, J0, at various 
temperatures in the range 296-363 K was used to extract 
barrier-height. The following relation expresses reverse 
saturation current density as a function of temperature [2], 
[11], [12]: 

 

kT

B

eTAJ

Φ−

= 2*
0  

 
(9) 

where ФB is the barrier height, A* is the Richardson 
constant and prevailing meanings of other symbols  

Equation (10) can easily be derived from (9): 
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(10) 

Fig. 8. shows effect of variation of temperature on reverse 
saturation current density. Since in applied voltage range of V 
≤ 0.1 Volts the predominant conduction is by thermionic 
emission, the behavior is linear indicated by an approximate 
straight line. 
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Fig. 8 Reverse saturation current density as a function of  temperature 
 

From Fig. 8, slope of the curve was used to determined 
effective barrier height , ФB, of the heterojunction as 0.17 eV 
at room temperature. With rising temperature, decrease in 
shunt resistance and increase in series resistances were 
observed. This change in both the resistances is not linear. 
With increase in temperature from 296 to 363 K, ideality 
factor, n, and rectification ratio, RR, show decreasing trends 
from 3.7 to 3.16 and 14.7 to 8.8  respectively. Decrease of 
ideality factor may be a result of the charge carrier 
recombination. However with increase in temperature, 
effective mobility, µ, and barrier height, ФB, exhibit increasing 
trend from 2.02×10-7 to 7.5×10-7 

 

cm2·V-1·s-1 and 0.17 to 0.43 
eV respectively. Variation of different heterojunction 
parameters with temperature is shown in Figs. 9-11. 
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Fig. 9 Temperature dependence of BHJ resistances 
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IV. CONCLUSION 

Change in temperature resulted in variation of fundamental 
electrical properties of ITO/PEDOT:PSS/Tc-CuPc:PCBM /Al 
bulk heterojunction. Low resistivity of blended film was 
reflected by subtle series resistance. Existence of structural 
and lattice defects along with impurity centers were revealed 
by space-charge limiting current (SCLC) at higher voltages 
that might have been accommodated during spin coating of 
blended layer. Tc-CuPc:PCBM blended layer showed a 
mobility of 2.02×10-7 cm2·V-1·s-1. The effective barrier height, 
ФB, of the BHJ was found to be 0.17 eV. Variation of different 
cell parameters with temperature was determined in 
temperatures range from 296 to 363 K. 
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