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Vacuum evaporated thin films of aluminium phthalocyanine hydroxide were prepared at room temperature onto glass 
substrates at a base pressure of 10-5 torr. Annealing was done in air and the effect of annealing temperature on the 
electrical, optical and structural properties were studied. Arrhenius plot yields thermal activation energy in the intrinsic 
region and impurity scattering region. Optical absorption spectra of films annealed at temperatures 348 K, 398 K and 448 K 
were taken over a wavelength range of 350 to 900 nm and the optical energy band gap Eg and the onset energy gap were 
calculated. Refractive index n, extinction coefficient k and the real and imaginary parts of the optical dielectric constant ε1 
and ε2 were also evaluated and were plotted against the photon energy. Photoluminescence (PL) spectrum was  
investigated to identify impurity levels and to gauge disorder and interface roughness. Scanning electron microscope (SEM) 
images were taken to study the surface morphology of the film. X-ray diffraction pattern was used to find the nano-
crystalline grain size using Scherrer formula. An increase in grain size with annealing temperature was observed. 
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1. Introduction 
 
In the past two decades organic thin film technology 

and its device applications have attracted the interest of 
researchers and industry due to their interesting 
optoelectronic properties [1]. Because of their attractive 
processing characteristics and demonstrated performance, 
organic semiconductors could compliment or even replace 
silicon-based technology for existing or emerging thin film 
transistor applications requiring large area coverage, 
structural flexibility and low temperature processing. Their 
application in new flexible and transparent devices [2,3] 
and their tuning possibilities lead to an increase of the 
academic activity in this field.  They are promising 
materials for development of various modern and future 
technologies in solid-state devices such as field-effect 
transistors, light emitting diodes, optical recording, 
organic solar cells and sensors [4-11]. Electronic charge 
transport in organic molecules does not require perfect 
single crystals.  A regular arrangement of atoms, ions or 
molecules over a distance of only a few lattice spacing of 
the structural units is necessary for the electronic charge 
transport and is usually a sufficient condition for electrical 
conductivity of the organic system. Knowledge of the 
molecular structure and semiconducting characteristics of 
the organic compounds, allows the design of new 
materials that have pre-defined and controlled 
characteristics. 

Though there are a large number of organic 
semiconducting materials, phthalocyanines are getting 
more attention due to their high thermal and chemical 
stability. They can be easily crystallized and sublimed, 
resulting in materials of purity 1014–1016 traps / cm3, 
which is rare in molecular chemistry. 

Metallophthalocyanines (PcMs) undergo no noticeable 
degradation up to 400-5000C in air and in vacuum most 
complexes do not decompose below 900 °C [12]. PcMs 
show a number of special properties, such as electrical, 
optical and opto-electronic, which account for the great 
interest they have always aroused. The versatility, 
architectural flexibility and low cost of preparation make 
them eligible candidates for the fabrication of thin-film 
electronic molecular devices such as photovoltaic devices 
[13], photodetectors [14], organic transistors [15], organic 
electroluminescence devices [16] and sensors [17]. In 
recent years, they have received particular attention in the 
field of optical limiting for the development of highly 
efficient optical power protectors for sensitive optical 
instruments [18]. They are also promising candidates for 
medical applications because they show a strong Q-band 
in the absorption spectrum, located in the red region in 
which the tissue is rather transparent and they are 
fluorescent, which provides an opportunity for the 
establishment of their localization in the tissue. Therefore, 
they have already been widely investigated in view of their 
possible applications in photodynamic therapy and 
photodynamic diagnosis. It is observed that the electrical, 
optical and structural properties of PcM thin films are 
dependent on various parameters such as evaporation rate, 
thickness of the film and post-deposition annealing. In the 
present work we study the electrical, optical and structural 
properties of AlPcOH thin films annealed at various 
temperatures. Among the various metallophthalocyanine 
derivatives, trivalent aluminium phthalocyanine hydroxide 
is of great interest for its use as a toner in an electro-
photographic developer. It is now utilized in a wide variety 
of fields such as solar cells and clinical photodynamic 
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therapy.  The molecular structure of AlPcOH (C32H17AlN8O) 
is shown in Fig. 1. 

 

 
 

Fig. 1. The molecular structure of AlPcOH. 

 

2. Experimental details 
 
Aluminium phthalocyanine hydroxide powder 

procured from Aldrich, USA was evaporated in vacuum 
using a Hind Hivac 12A coating unit onto well cleaned 
microglass slides held at a pressure of 10-5 torr. Thin films 
were prepared by resistive heating of the powder from a 
molybdenum boat and the evaporation rate was kept 
constant as 10-12 nm/min. Several films of same thickness 
were prepared in the same experimental condition 
simultaneously. The reproducibility of the result was 
confirmed by making several such depositions under the 
same deposition conditions. Thickness of the film was 
determined by Tolansky’s multiple beam interference 
technique [19].                                                           

AlPcOH thin films of thickness 335±5 nm were 
annealed in air for 1 hour at temperatures 348 K, 398 K 
and 448 K in a furnace whose temperature could be 
controlled by a controller cum recorder. UV- Visible 
absorption spectra were recorded using a Shimadzu 160 A 
UV –Visible spectro-photometer. The absorption edge was 
analyzed to get the optical band gap of AlPcOH. For 
electrical conductivity studies evaporated silver was used 
as the contact electrode. Thin copper strands were fixed by 
silver paste and the film was placed onto a hollow copper 
block in the conductivity cell, which was heated. The 
temperature of the sample was measured using Chromel- 
Alumel thermocouple. The electrical conductivity studies 
were done in the temperature range 330-525K. The 
resistance was noted at regular intervals of 5K using a 
programmable Keithley electrometer (Model No 617). The 
change of conductivity during cooling of the sample from 
525 -330 K was also studied. To avoid any possible 
contamination, measurements were performed in vacuum 
at 10-3 Torr. 

3. Results and discussion 
 

3.1   Optical studies 
   

The optical absorption spectrum of the film annealed 
in air at 448 K over a wavelength range of 350-900 nm is 
shown in Fig. 2. 

 

 
 

Fig. 2. The optical absorption spectrum of the film 
annealed in air at 448 K. 

 

 
 

Fig. 3. Plot of α2 versus hν for the film annealed at 448 K. 
 

 In the case of AlPcOH thin films the two well-
defined absorption bands of the phthalocyanine molecules 
namely B band and Q band were observed. The spectrum 
of phthalocyanine is believed to originate from orbitals 
within the aromatic 18π electron system and from 
overlapping orbitals on the central metal atom [20]. The π 
and π∗  molecular orbitals are the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) respectively in terms of 
molecular physics. In phthalocyanines the direct electronic 
transition from π to π∗ orbitals in the energy range 300-
450 nm results in an intense band called B-band (Soret 
band) which   corresponds to   the   fundamental 
absorption from which the energy band gap is obtained 
[21]. The Q-band appeared in the 600-800 nm range gives 
onset energy [22]. The fundamental absorption edge was 
analyzed within the one electron theory of Bardeen [23] to 
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obtain information about direct or indirect interband 
transitions. The absorption coefficient α was calculated 
using the relation 

 
α = 2.303 A/t                                (1) 

 
where A is the absorbance of the film and t is its thickness. 
For direct allowed transition, the absorption coefficient α 
is related to the photon energy hν by the relation 
 

   α = αo (hν-Eg)1/2                           (2)     

 
where Eg is the optical band gap and αo a constant. A 
satisfactory straight line fit is obtained for α2 as a function 
of hν, showing the existence of a direct band gap. The 
value of absorption coefficient α greater than 104 cm-1 
obtained is also related to direct inter-band 
transitions.  By plotting α2 versus hν and extrapolating to 
zero absorption, the band gap Eg is obtained.  Plot of α2 
versus hν for the film annealed at 448 K is shown in Fig.3. 
The values of fundamental and onset energy gaps are 
determined from the graph and are given in Table 1. The 
results showed no effect of the annealing temperature 
on the optical properties and hence the stability of the 
structure of AlPcOH thin film.   
 

Table 1.  Optical band gap, onset energy gap and grain 
size   of   AlPcOH   thin  films  annealed  at  different 

temperatures. 
 

Annealing 
temperature 

K 

Optical 
band gap 

eV 

Onset 
energy 
gap eV 

Grain size 
nm 

348 3.21 1.63 34.93 

398 3.22 1.62 38.65 

448 3.22 1.62 45.76 

The reflectance spectrum of AlPcOH thin film is 
given in Fig. 4. 

 
Fig. 4. The reflectance spectrum of AlPcOH thin film. 

The main feature of the reflection spectrum is the 
sharp rise in reflectivity at ~ 500 nm. The optical 
properties of any material are characterized by two 
parameters the extinction coefficient k and the refractive 
index n. The extinction coefficient is calculated using Eq. 
(3) and n, using Eq. (4). 
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 Fig. 5 shows the variation of refractive index n and 
extinction coefficient k with photon energy for AlPcOH 
thin film. For AlPcOH thin film of thickness 335 nm the 
maximum value of refractive index is 7.32 at 2.57 eV. 
Similar result is reported by Senthilarasu et al. [24] for 
zinc phthalocyanine thin films. The refractive index and 
the extinction coefficient are used for the calculation of the 
real and imaginary parts of the dielectric constant. The real 
and imaginary parts of the dielectric constant ε1 and ε2 are 
calculated using the expressions [25] 

 
ε1 = n2-k2                                                       (5) 

 

ε2 = 2nk                       (6) 

 

 
Fig. 5. Variation of n and k with photon energy for 

AlPcOH thin film. 
  

 
 

Fig. 6.  Variation of ε1 and ε2 with photon energy for 
AlPcOH thin film. 
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Fig. 6 shows the variation of ε1 and ε2 with photon 
energy for AlPcOH thin film. The real part ε1 is related to 
dispersion, while the imaginary part ε2 provides a measure 
of the dissipation rate of the wave in the material. The real 
part ε1 showed maximum value at 2.57 eV for AlPcOH 
thin film. A similar behaviour has been observed for 
chloroaluminium  phthalocyanine thin films [26]. 

 
3.2 Photoluminescence study 
 
Photoluminescence (PL) spectroscopy is a selective 

and extremely sensitive probe of discrete electronic states. 
The PL spectrum provides the transition energies, which 
can be used to determine electronic energy levels. Features 
of the emission spectrum can be used to identify surface, 
interface and impurity levels. The intensity of the PL 
signal provides information on the quality of surfaces and 
interfaces. It also gives a measure of the relative rates of 
radiative and nonradiative recombination.  

The excitation energy and optical intensity can be 
chosen to study different regions and recombination 
mechanisms near interfaces. Since absorption of the 
incident light depends on the excitation energy, this 
parameter determines the depth of the PL probe. The 
excitation intensity is even more important, controlling the 
density of photoexcited electrons. This density is critical in 
the interpretation of recombination dynamics. The PL 
emission efficiency is determined by the ratio of radiative 
and nonradiative transitions. The nonradiative transition is 
induced by crystal imperfections such as point defects, 
dislocations and grain boundaries. Generally, direct band 
gap semiconductors have two emission peaks, a near band 
edge emission (NBE ~3.14 eV) and a deep level emission 
(DLE) at higher wavelength (~2.2 eV) [27, 28]. The NBE 
emission is due to excitons, while intrinsic and extrinsic 
defects contribute to DLE [29, 30].  High crystallinity is 
one of the most important factors in achieving a better 
NBE to DLE ratio. PL spectrum of the annealed sample 
was recorded at room temperature using 325 nm line (this 
corresponds to the excitation in the range of the Soret 
band) of a He : Cd laser as an excitation source. The 
photoluminescence spectrum of AlPcOH  film is depicted 
in Fig. 7. 

 

 
 

Fig. 7.   Photoluminescence spectrum of AlPcOH thin 
film. 

For AlPcOH film, the peaks were observed at 443 nm 
(2.80eV) and 504 nm (2.46 eV). These emissions are 
below the optical band gap (3.22 eV) and this indicates the 
presence of defects in the film. The PL intensity of the 
deep level green emission at 504 nm is greater in AlPcOH 
thin films. When the film is annealed at high temperature 
in air, the adsorbed oxygen and other defects such as 
vacancies, grain boundaries and dislocations are not 
removed completely and the corresponding impurity and 
defect levels are present in the band gap. So the film 
becomes more non-stoichiometric and the emission 
intensity from these deep levels increases.  
 

3.3 Electrical  studies 
 

Semiconducting properties of phthalocyanines were 
first observed by Eley [31]. The electrical conductivity σ 
of a film of resistance R, length l, breadth b and thickness t 
is given by 

  
       σ = l/Rbt                                      (7) 

 
The electrical conductivity can also be expressed as 
 

 σ =  σ0 exp(-E/kBT)                           (8) 
 

where σ is the conductivity at temperature T, E is the 
thermal activation energy, kB is the Boltzmann constant 
and σo is the pre-exponential factor. The graphs of ln σ vs. 
1000/T for air annealed films are shown in Fig. 8.  
 

        

  
 

Fig. 8. Graph of ln σ  vs. 1000/T for AlPcOH  films 
annealed at 348 K and 448 K. 
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Each curve has three different slopes in the lower and 
higher temperature regions.  From the slopes of these 
graphs activation energies are evaluated and collected in 
Table 2.  

 
Table 2.  Variation of activation energy with annealing 

temperature. 
 

Activation energy Annealing 
temperature (K) E1 E2 E3 

348 
398 
448 

0.83 
0.86 
0.87 

0.64 
0. 66 
0.68 

0.06 
0.05 
0.05 

 
The activation energy is determined within an 

accuracy of ±0.01 eV in all measurements. As shown by 
Belgachi and Collins [32], activation energy obtained may 
be interpreted as the difference between dominant energy 
levels. There are three linear regions for each graph, which 
correspond to three activation energies E1, E2 and E3. The 
activation energy E1 corresponding to the higher 
temperature region is associated with the resonant energy 
involved in a short lived excited state and E2 and E3 are 

associated with a short lived charge transfer between 
impurity and the complex [33]. In the low temperature 
range conductivity is due to hopping of charge carriers 
between the neighbours in the localized states near the 
Fermi level. As temperature increases activation energy 
also increases. The change in the slope and hence the 
activation energy is interpreted as a change from extrinsic 
to intrinsic conduction. Activation energy increases with 
increase in annealing temperature. In the case of 
phthalocyanines, oxygen is bound much more tenaciously. 
The role of adsorbed oxygen is to create carriers and to act as 
impurity in the extrinsic conduction region. Heat treatment in 
air does not remove oxygen completely. The removal of 
oxygen causes redistribution of traps and hence activation 
energy changes with annealing temperature. The conduction 
process in AlPcOH is found to be controlled by different trap 
levels present in the forbidden energy gap.  

 
3.4 Structural studies 
 
Fig. 9 shows the X-ray diffraction patterns of 

AlPcOH thin films annealed in air at 348 K and 448 K. 
 

 

    
     

Fig. 9. X-ray diffraction patterns of AlPcOH thin films annealed in air at 348 K and 448 K 
 

The grain size L of the film was calculated using the 
Scherrer formula  [34] 
 

  L =Kλ / b Cos θ                              (9) 
 
where λ is the wave length of the X–ray beam                   
(λ =0.15425 nm of Cu Kα1), b is the value of the full 
width at half maximum (FWHM) of the most intense peak, 
θ is the corresponding Bragg angle and K is Scherrer 
constant. The value of K, in general, depends on the 
crystallite shape and it is assigned a value of 0.9 for 
phthalocyanine films [35]. The grain sizes of AlPcOH 
thin films annealed at different temperatures are given 
in Table 1.   
 
 
 
 
 
 
 

 
It is observed that the grain size increases as the 

annealing temperature increases from 348 to 448 K and 
a grain size of 45.76 nm is obtained for AlPcOH thin 
film annealed at 448 K. The increase in the grain size 
suggests a higher degree of crystallinity due to 
annealing. This increased crystallinity is attributed to 
the destruction of pseudomorphic layers, created in the 
film during formation.   

The scanning electron micrographs shown in Fig. 10 
display the development of the surface morphology of 
AlPcOH films with increasing annealing temperature. 
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Fig. 10. Scanning electron micrographs of AlPcOH films annealed at 348 K and 448K. 
 

It provides a pictorial display of the surface layer with 
a high depth of focus and thus providing better details of 
the surface. From the SEM planar view, it is clear that the 
film is made of homogeneous small crystal grains with 
grain size in the range 40-100 nm.  
 

 
4. Conclusions  
 
The absorption spectra of AlPcOH thin films show 

two absorption bands which we have identified as the 
fundamental absorption at high energies (B-band) and the 
exciton absorption at low energies (Q- band). From the 
XRD analysis it is seen that the grain size increases as 
the annealing temperature increases from 348-448 K. 
However, it is noticed that the band gap does not show 
much variation with the grain size which corresponds to 
various annealing temperatures. This is because the 
crystallite size is not small enough to show a distinct 
variation of the band gap. The activation energy is 
calculated from the electrical conductivity studies. There 
are three activation energies, which are due to the intrinsic 
charge carriers (E1) and the impurity scatterings (E2 and 
E3). Thermal annealing treatment for a sufficiently long 
period of time may cause migration or diffusion of some 
atoms leading to a stable phase and films with improved 
polycrystalline structure and large grain size. The films 
show a higher conductance than the normal amorphous 
films. 
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