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Optical and structural investigations of the aluminum phthalocyanine chlo-
rides thin films are presented. The films were fabricated by vacuum subli-
mation technique onto quartz substrates and annealed after fabrication in an 
ambient atmosphere for 24 hours at the temperature equal to 250oC. The 
linear optical properties of the thin films were studied by the measurements 
of the transmission and reflection spectra at the normal incidence of the 
light in the spectral range 200-2000nm. We show that the linear optical 
properties are dependent on the thin film’s structure. Experimental results 
were used for theoretical calculations of the dispersion and absorption 
parameters for the films. We found that the annealing process changes the 
value of the optical band gaps and causes formation of nanostructures what 
makes this material interesting for future optical applications.
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1.  Introduction

Over the last years, phthalocyanines and metallophthalocyanine complexes 
have been intensively investigated due to their unusual physical and thermal 
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properties [1-3]. Phthalocyanine is an organic compound that forms stable 
complexes with several metals that have long been known as blue or green 
dyes and pigments. The metallophthalocyanine chlorides are not only pig-
ments, but also nontoxic p-type organic semiconductors with good thermal 
and chemical stability. These materials are extremely attractive for use in 
optical and electronic devices. The performances of these devices are strongly 
dependent on the nature of the material and its processing, design as well as 
deposition technique. 

For most metallophthalocyanine chlorides, five transition bands, labeled 
as Q and B (Soret), N, L and C bands were identified [4-7]. Some com-
plexes may miss one or two of these bands. The absorption spectra of 
metallophthalocyanine chlorides have been studied in vapor form [8-9], 
solution [10-11] and solid state [12–13]. However, understanding and 
explaining of the complexes’ optical properties are still far from complete. 
Optical properties of unsubstituted phthalocyanine as well as complexes 
depend on molecular properties such as an atomic number, position and 
nature of substitute atoms. Type of the central metal and its position relative 
to the ligand’s ring play very important role and significantly affect the 
physical properties. Metal-free phthalocyanine forms completely planar 
molecule structure. Most of the phthalocyanine complexes have a planar 
coordination around the central ion, which means that the metal and ligand 
atoms are generally in one plane. These molecules possess approximately 
D4h symmetry [14]. The structure of the metallophthalocyanine chlorides 
differs from metal-free phthalocyanine and is much similar to the metal-
lophthalocyanine oxides. The metal’s atom lies out of the Pc macrocycle 
plane and the Cl atom is in extra-coordination position, giving these mole-
cules approximately C4v symmetry [15]. Additionally, the plane of the mol-
ecule is slightly domed.

The molecular structure of the aluminum phthalocyanine chloride, pre-
sented on Fig.1, is just the unique central symmetric planar structure of the 16 
members ring with 18 delocalized π-electrons which leads to their excep-
tional optical properties and extraordinary stability. Most of the metalloph-
thalocyanines and its complexes can form different nanostructures and 
different crystalline structure. The main difference between them is arrange-
ment of the common columns in the crystalline structure and the tilt angle of 
the molecule within the columns. Thus, the obtained thin films possessing 
different tilt angle of the molecule lead to different structural and optical 
properties [16–17]. 

This paper is devoted to optical and structural properties of the aluminum 
phthalocyanine chlorides thin films fabricated by vacuum sublimation tech-
nique on quartz substrate and their dependences on the temperature applying 
during the annealing process. Factors such as fabrication’s technique or mor-
phology of the film and the temperature of the annealing process are very 
important for the performance of potential optical or electronic devices.
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2.  Experiment

Aluminum phtalocyanine chloride (AlClPc) thin films were fabricated by 
vacuum sublimation technique [18–19]. Thin films were deposited on the 
quartz substrates. The deposition process was prepared in vacuum chamber 
under pressure about 5*10-5 Pa. The source material was thermally evapo-
rated from quartz effusion cell with a nozzle of 10 mm in diameter on the top 
and heated by tungsten resistance coil. The main factors influencing the film’s 
thickness during thermal evaporation process were time of evaporation and 
distance between source and substrate. In the case of this experimental sys-
tem the manual-control deposition assures approximately 95% accuracy of 
desired film thickness value. Source material used for this high vacuum’s 
deposition was supplied by Sigma Aldrich Co. and used as received. The 
distance between the source and the substrate was about 10cm and substrate 
was held at room temperature during evaporation. Selected thin films were 
annealed after the deposition process to obtain the different structural proper-
ties. The annealing process was carried out in ambient atmosphere at tem-
perature of 250oC and lasted 24 hours.

Figure 1
Molecular structure of the aluminum phthalocyanine chloride.
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Figure 2
Vacuum sublimation set-up. Left part - evaporation equipment: S – source (effusion cell and 
heater), SH – sample (substrate) holder, TC – K-type thermocouple, PS – power supply. Right 
part – scheme of vacuum system: VC – vacuum chamber, V1-4 – manual valves, B – baffle, G1-2 
– vacuum gauges, VC – equalization vacuum chamber, RP – sliding vane rotary vacuum pump, 
DP – diffusion pump.

3. Re sults and Discussion

Figure 3 presents the measurements of XRD (2θ scan) of the studied AlClPc 
thin films deposited on the substrate kept at room temperature during the 
depositions process and next annealed at the temperature equal to 250oC. The 
2θ scan process is sensitive to both reflections from parallel planes to the 
sample surface and others not fulfilling this condition. In the case of this 
experiment, all measurements were carried out by diffractometer using CuKα 
(λ = 0.1542nm) radiation [20-21]. 

Figure 3
XRD spectra of AlClPc thin film: as-deposited sample and annealed at temperature of 250oC.
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For the as-deposited AlClPc thin film there are two small and relatively 
wide peaks: one with the maximum at 2θ = 29.520° and second at 27.724°. 
For the sample annealed at a temperature equal to 250°C two peaks are also 
observed, but the location and intensity of each one behaves differently as the 
temperature increases. The position of the first peak is slightly shifted toward 
larger values of the 2θ angle, the maximum of the peak is located at 2θ = 
29.723° and the intensity of the peak is about 15 higher. The position of the 
second peak is much more shifted toward smaller values of the 2θ angle, the 
maximum of the peak is located at 2θ = 26.886° and the intensity of the peak 
is comparable. For all annealed films, the intensity of the peaks increased 
with increasing annealing temperature and location of the peaks shifted 
mostly towards larger values of the 2θ angle. The growth of the peaks inten-
sity leads to the conclusion, that higher annealing temperature causes the 
higher level of the crystal structure arrangement. This phenomenon can be 
explained by an increase in mobility of the particles with increasing tempera-
ture. The particles have higher surface mobility in higher temperature, which 
provides the possibility of taking up defined positions on the surface.

During the deposition process evaporated particles are usually randomly 
dispersed inside the plume and form randomly ordered nanostructures on the 
substrate’s surface. AlClPcs molecules are adsorbed on the substrate after 
several seconds since the immersion of the substrate plate. A typical image of 
the thin film surface after the deposition is shown in Fig. 4a. Application of 
the annealing process immediately after the deposition allows specifying 
geometry of the particles assembly and therefore self-assembled organome-
tallic nanostructure’s formation [22]. Self-assembly is an equilibrium pro-
cess, where the assembled particles are in equilibrium with the surrounding 
components and driven by the minimization of the Gibbs free energy. The 
minimization of this energy is attained by the minimization of repulsive and 
the maximization of attractive molecular interactions. In addition, the lower 

FIGURE 4
The topographic AFM images (1mm x 1mm) of a AlClPcs nanostructures for: (a) as-deposited 
samples AlClPc and the same samples after annealing process at temperature equal to 250oC (b).
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free energy is usually a result of a weaker intermolecular force between self-
assembled moieties in the nature. In the case of this experiment, the process 
of self-assembled nanostructures formation took 24 hours and was carried out 
in ambient atmosphere at the temperature equal to 250oC. This temperature 
and this time’s period allowed achieving the ideal arrangement of molecules 
consisting of finding the minimum free energy of the system and optimizing 
all the complicated interactions between the adsorbed AlClPcs molecules. 
Using the annealing process, we obtained nanostructures with a specific 
arrangement almost parallel to the substrate, as illustrated in Fig. 4b. These 
nanorods structures are especially interesting for optical applications and 
optical or thermal sensing. This irreversible thermal-induced self-assembly 
process is versatile, as a single assembly system can pattern multiple geom-
etries by simply controlling the external thermal conditions [2, 23]. Spatial 
arrangements of these self-assembled nanostructures can be potentially used 
to build increasingly complex structures leading to a wide variety of materials 
that can be used for different purposes.

Mutual arrangement of the molecules plays paramount role for optical 
properties of the material. The knowledge of the linear optical properties 
such as: refractive index and proportional to the complex refractive index 
absorption coefficient is essential for applications in modern optical tech-
nologies. Figure 5 shows the spectral distributions of the transmittance 

FIGURE 5
Transmission T and reflection R spectra of AlClPc thin film fabricated by a vacuum sublimation 
process on the quartz substrate as a function of the incident wavelength and temperature of the 
annealing process.
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(T) and the reflectance (R) measured at normal incidence in the spectral 
range 200–2000 nm using a home-made one-beam spectrometer [24-26]. 
The thickness of all investigated samples was equal to 100nm. All experi-
mental spectra can be simply divided into two regions: 200–850nm and 
850–2000nm. Inside the first region, total sum of the transmittance and 
the reflectance is greater than 0.9 suggesting very good optical transpar-
ency of the films. Inside the second region the total sum is much less than 
1 what implies that the films can be considered as good light absorbers.

Review of the Fig.5 shows that the transmittance (T) as well as the reflec-
tance (R) of films changing intensity after annealing process with changing 
position of all peaks. Transmittance for AlClPcs compounds after annealing at 
250oC decreases in comparison with transmittance of samples without apply-
ing this process. Annealing process shifts also the peak position of all bands 
towards high wavelength side of the spectra. For all experimental spectra, four 
absorption bands take notations Q, B, N and C were observed. The Q-band 
exists in the visible region of spectra and corresponds to the transition between 
the ground state 1au(π) HOMO and the state eg (π*) LUMO while others (B, N 
and C) exist in the UV region of spectra. It is also noted that the bands B, N and 
C appear with intensities that are comparatively higher than of Q-band. 

The absolute value of the transmission T can be described by the relation:
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where: Ifr is the intensity of the radiation reflected from the sample, Im is the 
intensity of the radiation reflected from the reference mirror and Rm is its 
reflectivity [27].

The absorption coefficienta, the extinction coefficient k and the refractive 
index n of the thin film may then be calculated from equations (3) – (5) as:
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where d is the films thickness [28-30]. Figures 6, 7 and 8 show the depen-
dences of the refractive index n, the extinction coefficient k and the absorp-
tion coefficient a as a function of the incident radiations wavelength λ and 
temperature of the annealing process, respectively.

Refractive index spectra show two peaks in the ultraviolet and visible 
regions (about 320 and 605nm for as-deposited sample and 350 and 
700nm for annealed sample). It means that the refractive index exhibits 
anomalous dispersion behavior for the wavelength less than 850 nm, 
what can be explained using the multi-oscillator model [31]. For the 
wavelength higher than 850 nm the refractive index decreases slowly 
with increasing the wavelength. Thus the refractive index exhibits nor-
mal dispersion behavior, what can be explained by the single oscillator 
model [32].

FIGURE 6
Refractive index n as a function of the incident wavelength λ for AlClPc thin film before and 
after annealing process.
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The dependence chart of the absorption coefficient a for the as-deposited 
sample and then subjected to the annealing process has three main peaks. The 
maxima of the peaks are equal to energies: 1.72, 3.51 and 5.58eV. After the 

FIGURE 8
Absorption coefficient a as a function of the incident radiations energy for AlClPc thin film.

FIGURE 7
Extinction coefficient k as a function of the incident wavelength λ for AlClPc thin film.
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annealing process, the whole spectrum shifts towards higher energies and 
absorption maxima are for the 2.0, 3.8 and 6eV. The first of these values is 
associated with the Q-band, the second and the third with the Soret and N 
bands, respectively. As can be seen from the obtained graph, the absorption 
coefficient for each of these bands is comparable and annealing process can 
specifically split Soret band.

Analysis of the absorption coefficient a as a function of the photon 
energy near the absorption edge allows determining the optical band gap 
and type of the optical transition for both crystalline and non-crystalline 
materials. This can be achieved by using the relation (6) also known as 
Tauc plot [33]:
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where h is Planck’s constant, c – the speed of light, Eg – the value of the opti-
cal energy gap. The value of the exponent f denotes the nature of the transi-
tion [34]: f = 1 ⁄ 2 for direct allowed transitions, f = 3 ⁄ 2 for direct forbidden 
transitions, f = 2 for indirect allowed transitions and f = 3 for indirect forbid-
den transitions. Constant a′ is a parameter that depends on the optical transi-
tion probabilities.

Figure 9a-b presents an analysis of Tauc plots for as-deposited (a) 
and annealed at 250oC (b) AlClPc thin film inside the range of the strong 
absorption. The best fitting of the experimental data to equation (6) was 
obtained for the direct allowed transition regardless whether the thin 
film has been subjected to the annealing process or not. The optical 
band gap and the trap’s levels were determined as 1.58, 3.11 and 5.12eV 
for as-deposited sample and 1.72, 3.28 and 4.85 for thin film annealed 
at 250oC. Two first peaks shifted to larger energies and third to lower 
energy. This indicates that the thin films exhibited polycrystalline char-
acter and the annealing process irreversibly leads to a polycrystalline 
phase change [5].

Obtained spectra of the refractive indices and extinction coefficients allow 
calculating the real and imaginary parts of the complex dielectric constant by 
using following relations [35]:

	 Re nε κ( ) = −2 2, 	 (7a)

	 Im nε κ( ) = 2 ,	 (7a)
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FIGURE 9
Tauc plot of as-deposited (a) and annealed at 250oC AlClPc thin film (b).

The spectra of photon energy dependencies of real and imaginary parts of 
the complex dielectric constant for AlPcCl thin films are shown in Fig. 10a-b. 
Analysis of the spectra shows that real and imaginary parts follow the same 



104	 A. Zawadzka et al.

pattern and the values of the real part are about ten times higher than the imag-
inary part. Moreover, the variation of the dielectric constant as a function of the 
photon energy indicates that some inter-actions between photons and electrons 
inside thin films.

FIGURE 10
Real and imaginary parts of the dielectric constant for AlPcCl thin film as a function of photon energy.
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4. Co nclusion

Presented transmittance and reflectance spectra showed that the AlPcCl 
nanostructured thin films absorb the light waves in the wavelength range 
200–850 and are optically transparent within the spectral range 850–2000nm. 
Optical absorption spectra shows three absorption peaks located at about 2, 
3.5 and 6.5eV. Tauc plots for the films exhibit direct allowed band-band and 
inter-band transitions. Estimated optical band gaps are equal to 1.58, 3.11 and 
5.12eV for as-deposited sample and 1.72, 3.28 and 4.85eV for thin film 
annealed at 250oC, which is in the range of other metallophthalocyanine thin 
films. Refractive index exhibits anomalous dispersion in the spectral range 
200–850nm and normal dispersion in the spectral range 850–2000nm. 
Obtained results allowed calculating real and imaginary parts of the dielectric 
constant their dependence on the photon energy, indicating some interactions 
between the photons and the electrons inside thin films.
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