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Thin films of CuPc of various thicknesses have been deposited onto 
clean glass substrates using thermal evaporation technique at room 
temperature. The structural studies, using X-ray diffractometry and IR  spectral 
analysis, showed that the films are mainly of  β- form with preferential 
orientation of  the plane (100). The dark electrical resistivity and the 
thermoelectric power measurements were carried out at different temperatures 
in the range 300-450 K. Room temperature current density-voltage 
characteristics showed ohmic conduction in the lower voltage range and space-
charge-limited – conductivity (SCLC) in the relatively high voltage. The SCLC  
are controlled by an exponential distribution of traps above the valence band 
edge. The temperature dependence of current density allows the calculations of 
some essential parameters such as  the hole mobility, the relative permittivity, 
the trap concentration, the characteristic temperature and the trap density  
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Introduction: 

The phthalocyanines are a class of organic semiconductors which are 
chemically and thermally stable, and, thus, suitable for the preparation of thin 
film [1]. They commonly exist in at least two different crystalline phases, the α-
and β- forms [2]. It was reported that the β - form is a monoclinic crystal 
belonging to the p21/a space group and that there are two phthalocyanine 
molecules per unit cell. The XRD pattern for the another α-form has been 
reported by several workers [3-7]. A third crystalline modification, called γ- 
form , has been also reported [8] which has been proofed to be different from α-
form ,only in particle size. Another crystal form of phthalocyanine, designated 
χ- phthalocyanine, has been also reported  [9] The β- form  is more stable phase 
and may be thermally derived from the α- form [10].  Phthalocyanines have 
potential applications in optical logic display devices [11], electrophotography, 
security printing, gas detectors [12], solar cells [13,14] sensitisers and color 
filters [13]. However, conductivity of these materials depends on the gaseous 
environment surrounding the material [15,16,17]. The electrical properties of 
phthalocyanines have been widely  studied in the form of sandwich structures, 
and space-charge –limited conductivity was observed with the current density, 
showing a power –law dependence on applied voltage [18] .The p-type 
semiconductivity is, thus, strongly modified by gaseous adsorption and is also 
dependent on impurities [19] and on film structure [20]. In the present work, the 
structural properties of CuPc thin films was studied. The electrical transport 
properties such as the dark electrical resistivity and the thermoelectric power as 
well as the space charge limited current are also investigated .  
 
2. Expermintal Details: 

The CuPc powder  used in this work  was obtained from Kodak, 
England. Thin films of CuPc have been prepared by conventional thermal 
evaporation technique, deposited onto pre-cleaned glass substrates kept at 
ambient conditions using a coating unit (Edwards type E 306 A, England). The 
evaporator was a quartz crucible source heated by a tungsten coil in a vacuum 
of 10–4 Pa during deposition. The deposition rate was controlled at 2.5 nms-1 
using a quartz crystal thickness monitor (Model FTM6, Edwards Co., England). 
Thickness was determined accurately after deposition using a multiple beam 
interferometer (NiFE, JUNGNER, 68294). Annealing of the prepared films was 
carried out at different temperatures in the range (373-523K) for two hours.  
 

The structural properties of CuPc in powder and in thin films were 
investigated using X–ray diffraction patterns and infrared spectral techniques. A 
Philips X-ray diffractometer (model X Pert), with utilized monochromatic Cukα 
radiation was used. A continuous scanning technique was employed to observe 



Egypt. J. Sol., Vol. (25), No. (2), (2002) 309

the preferred orientation of the deposited CuPc crystallite. An accurate 
determination of the peak intensities was obtained by employing line profile 
analysis, using a step increment of 0.02 o and an exposure of 1 s .  

 
Infrared spectroscopy on CuPc films was performed at room teperature 

using ATI Mattson (Infinity series FTIR) infrared spectrophotometer in the 
spectral range 4000 - 400 cm-1 . For this study l mg of CuPc powder was mixed 
with 50 mg of vacuum dried IR – grad KBr, as well as  thin films of thickness 
300 nm were deposited onto KBr optically flat substrate. 
 

The dark electrical resistivity ρ of CuPc thin films was measured by the 
two probe method in a reasonable temperature range using highly internal 
impedence electrometer (Keithely 617 A) and the temperature was measured 
using cromel alumel thermocouple and  the contacts were made by evaporating 
high purity Au electrodes. The thermoelectric power, was measured using the 
differential- technique[21]. Current-voltage measurments were made using a 
keithley 617 programable elecrometer with internal power supply . 
 

3.Results and discussion   

3.1. Structural investigations  

An X-ray diffraction traces derived from powder CuPc at 300K is 
shown in Fig. (1.a). Lattice spacings dhkl were calculated using Bragg,s equation 
together with the Miller indices and the calculated values of dhkl are compared 
with the corresponding values given for β-phase  with monoclinic structure in 
the ICDD Card no. 11-0893 of β-CuPc. Consequently, the lattice parameters are 
taken as : a=1.468 nm, b= 0.498 nm, c= 1.960 nm and β=121.5o.  

 
The obtained crystalline structure of CuPc thin films, Fig.(1.b), 

indicates the configuration of β -form with the single (100) plane as preferred 
orientation,. Our obtained results differs from that obtained by James et al. [22] 
using thermal evaporation. The as deposited films were assigned as α-phase and 
converted to β-phase by heat treatment at 573 K. This may attributed to the 
modified source of evaporation used in the present. A slow scan for the (100) 
plane reflection was carried out and the mean crystallite size was estimated 
from Scherrer,s Equation [23] . 

θβ
λ

coso

skL =                                                         (1) 
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Fig .(1.a):  X - ray diffractometer traces of   CuPc  in powder forms. 

 

 
Fig (1.b) :  X - ray diffractometer traces of different CuPc  film thicknesses 

 

 
where λ  is the X-ray wavelength (0.154nm), β o the width at half maximum 
intensity in radians, θ  Bragg's angle and ks the Scherrer,s constant = 0.9 [23]. 
The mean crystallite size, L, represented  as a function of film thickness and 
annealing temperature is depicted in Fig. (2 and 3) respectively. The results 
show an increase in grain size with increasing film thickness due to the 
columnar growth with increasing either film thickness or annealing 
temperatures. The effect of annealing on the crystallite size is shown in 
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Fig.(2.b) for a film of 362 nm thick. As observed, at annealing temperatures  
≥ 150oC, the grain size,L increases  markedly with annealing temperature.  
 

 
Fig .(2.a):  The mean crystallite size L as a function of film thickness. 

 
Fig (2.b) :  The grain size L as a function of annealing temperature. 

 

 
The IR absorption technique may also be used to identify the crystalline 

nature for both powder and thin films of CuPc. The IR spectra of a substance is 
markedly dependent on the chemical composition, as well as on its crystalline 
form [23]. Therefore ,and to confirm the results revealed by XRD, the IR 
spectra of both powder form and thin films are obtained and shown in Fig. (3 a , 
b)  at  (≅ 733 cm-1) absorption peak existing in both patterns indicate the 
existence of CuPc β-phase  structure.   

    



M.M. El-Nahass, el al. 312

 
Fig .(3.a):  Infrared absorption spectra of CuPc in powder form. 

 

 
Fig (3.b) :  Infrared absorption spectra of CuPc in thin film form. 

 

3.2. Dark Electrical resistivity and Thermoelectric power measurements  

The dark electrical resistivity for the as deposited and annealed CuPc 
films of different thicknesses is represented in Fig. (4.a) .  
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The observed dark resistivity decreases with increasing the film 
thickness as shown in Fig. (4.a), The same behavior was also reported for both 
inorganic[24]and organic[25] semiconducting films. This behaviour is attributed 
to the increase of the CuPc crystallite size with increasing the film thickness 
[25], as obtained above, Fig. (2.a). 

 

 
Fig .(4.a):  The variation of dark electrical resistivity p against film Thickness,d for 

CuPc thin films. 
 
 
The dark electrical resistivity of CuPc thin films has been carried out in 

the temperature range 300-450 K. The temperature dependence of resistivity is 
expressed as follows:  

( )TkE Bo /exp ∆= ρρ                                   (2) 
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where ∆Ε is the thermal activation energy of the free charge carriers and k is the 
Bolzmann's constant. A graph of log ρ versus 1/T for CuPc films in  thickness 
range 101-1415 nm is depicted  in Fig. (4.b). From this figure, there are two 
linear regions and the corresponding activation energies ∆Ε1 and ∆Ε2 are thus 
obtained at T > 380 K and T < 380 K, respectively. The thermal activation 
energy ∆Ε1 is associated with an intrinsic generation process and ∆Ε2  is 
associated with an impurity conduction. The change in the slope and hence the 
activation energy is interpreted as a change from extrinsic to intrinsic 
conduction [26].The mean values of ∆Ε1 and ∆Ε2 are 0.803 and 0.088 eV, 
respectively. Thus, in the intrinsic region the value of the thermal energy gap, 
Eg =3.1 ±0.02 eV, which is in agreement with the estimated band gap from the 
onset of the absorption spectrum of CuPc[27] .  
  

 
Fig (4.b) :  The variation of dark electrical resistivity p against temperatureT of CuPc 

thin films. 
 
 
In order to detect the type of conduction in CuPc thin film ,the  Seebeck 

coefficient was measured at different temperatures. Fig. (5) depicts the variation 
of Seebeck coefficients, S, versus temperature for different thicknesses of CuPc 
thin films. It can be noted that S is positive for the studied thicknesses all over 



Egypt. J. Sol., Vol. (25), No. (2), (2002) 315

the whole range of temperature. The same behaviour of  S  has been observed in 
CuPc, PbPc and FePc [28,29,30]. A positive Seebeck coefficient can arise in 
several fashions; e.g. in an intrinsic semiconductor in which the mobility of the 
holes is greater  than that of the electrons [31]. 

 

 
Fig .(5):  The variation of Seebeck coefficient against temperature T for CuPc thin films. 

 

3.3. Space-charge-limited current investigations: 

3.3.1 . Current density-voltage measurements:      

       Figure (6) shows the dependence of current density J on voltage V for 
various samples in the thickness range 101-1415 nm . For each characteristic 
there are two distinct voltage regions. At lower voltages, the slopes of the 
curves are approximately equal to unity, while at higher voltage levels, above a 
fairly well defined transition voltage Vt, the slopes are approximately equal to 
3.6. In the lower voltage region, where J is proportional to V, it may be 
described simply by Ohm,s law for an p- type material, given by Lampert [32] 
as  







=

d
VpeJ ho µ                   (3) 

 

where µh is the hole mobility and po is the concentration of thermally activated 
holes in the valence band. The power –law conductivity above Vt is typical of 
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SCLC dominated by an exponential distribution of trap levels [33,34]. 
According to Lambert, the SCLC characteristics for a p–type semiconductor  
with an exponential distribution of trapping levels is given by [33,34] 

 
Fig (6):  Dependence of current density J on applied voltage V for CuPc thin films. 
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where NV is the effective density of states in the valence band edge, Po  is the 
trap density per unit energy range at the valence band edge, and µ the hole 
mobility. The constant l is the ratio Tt/T, where T is the room ambient  
temperature and Tt is the temperature parameter describing the exponential 
trapping distribution P(E)  given as [33,34 ] .  

 

.exp)( 






 −
=

tB
o Tk

EPEP                              (5) 

       
where P(E) is the trap density per unit energy range at an energy E above the 
valence band edge .  
The total density of traps Nt ,comprising the distribution, is given by evaluating  

∫ dEEP )(  from the valence band edge to infinity [33,34 ].                  
 

Nt = Po kBTt                                                               (6) 
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An analysis of the data below Vt  in Fig. 6  was performed using the 
mean value  of µh  = 5 ×10 –8  m 2 v-1s-1   obtained   hereafter in  section (3.3.2) . 
From  Equation (3) a mean  value of  po = 4 ×10 18 m -3  was  derived. Our results 
fairly agree with previousely reported values[26,35,36] .  

 
Above  Vt the power – law exponent  m ≈ 3.7 implies  that l  =  2.7 and 

Tt ≈ 810K for a measuring temperature of 300 K. These values are similar to 
those of  m ≈ 3.6, l  =  2.6 and Tt ≈ 780K derived for lead phthalocyanine [26]. 
Fig. (7) shows the thickness dependence of current density for SCLC region at  
certain fixed value of voltage at room temperature. Each point corresponds to 
different sample. The relatively small scatter of points about this line  indicates 
that the concentration of holes is relatively constant from sample to sample [26], 
the slope of  ≈ -6.5 obtained in the SCLC region verifies that the space – 
charge- limited conduction is dominated by an exponential distribution of traps. 
From Equation. (4) the slope in this region should be – (2l+1) implying that, 
l ≈ 2.6, which coincides with the values deduced from the J-V characteristics, 
Fig. (6) The analysis of these results may be made also by adopting the value of 
Nt = 5 x 1024m-3, derived from the temperature measurements of section (3.3.2). 
This yields a value of Po = 2 x 1043 J-1 m-3 using Equation (6), which together 
with the value of Tt (810 K) given above fully characteristize the trap 
distribution of Equation.(5). The values of Nt and Po are in the same order with 
the values deduced by other workers [33,34]. 

 
Fig .(7):  Dependence of current density J on film thickness. 
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3.3.2. Current density – temperature measurements: 

Current density tsemperature measurements allow the determination of 
additional information concerning the film material. Fig. (8) shows temperature 
dependence of the current density, J in the temperature range 310-450 K for a 
sample of thickness 729 nm at various fixed voltages in the SCLC region. On 
the basis of Equations (4), (5) and (6), it was shown that the plots of log J 
versus 

T
1  at constant voltage in the SCLC region gives  

 
Fig .(8):  Dependence of current density J on reciprocal temperature as a function of  

applied voltage for CuPc thin films of thickness 729 nm. 
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From which , the values of Nt can be obtained . 
The intercept on the log J axis is given  by 

  








=
d

VNe
J Vh

o
µ

loglog                                  (8) 

 

Using the value of Nv =10 27 m-3 [33,34] for metal phthalocyanine derivatives, 
Equation (8) yields mobilities between (4 - 6) ×10-8 m2 v-1 s-1. On the  
extrapolation, it is predicted that all log J versus 1/T plots should intersect at a 
common point, whose coordinates are given by [35,36 ].   
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These coordinates are independent of the applied  bias voltages .  
Jo represents the current density at infinite temperature (1/T=0). 

Assuming the value of µh derived from Equation.(9), a value of Nt may therefore 
be obtained using the coordinates of the intersection points in Fig. (8). The 
measured values of Nt lie in the range (5-7) ×10 24 m-3  

  
The exponential trap distribution of Equation.(5) associated with SCLC is 

thus completely specified  and is shown in Fig. (9)  for CuPc thin films of 
thickness 729 nm.. 

 
Fig .(9): Derived trapping distribution (exponentially) as a function of energy 

above the valence band edge for CuPc of thickness 729 nm. 
 
 

4. Conclusions:  

X-ray diffraction patterns obtained for powder and thin films of thermally 
evaporated copper phthalocyanine show that the stable monoclinic  β-phase 
exist in both specimens. The crystallite size of CuPc thin films increases with 
increasing either the film thickness or the annealing temperature. The dark 
electrical resistivity measured for CuPc thin films decreases with increasing the 
film thickness. Two activation energies are obtained for temperature ranges 
above and below 380K pointing to a change from extrinsic to intrinsic 
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conduction. Seebeck coefficient measurements showed that CuPc thin films 
behave as p-type semiconductor. The positive Seebeck coefficint in an intrinsic 
semiconductor is attributed to the difference in the free charge carrier 
mobilities. Measurements of current density as a function of applied voltage 
revealed that conductivity was ohmic at low voltages and space-charge-limited 
at higher voltages. The latter is due to the assistance of exponential of trap 
levels above the valence band. Measurements of current density as a function of 
temperature allowed mean values of the mobility and trap concentration to be 
estimated from the higher temperature SCLC data.  
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