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In this work, the effects of the thin film thicknesses on the structural, optical absorption, 

energy band gap, dielectric spectra and optical conductivity parameters of the Zinc 

phthalocyanine thin films are considered. Thin films of ZnPc of thicknesses of 50-600 nm 

which are coated onto glass substrates are observed to exhibit amorphous nature of 

growth. The polycrystalline monoclinic ZnPc phase of the films is obtained via annealing 

the films at 200 
o
C in a vacuum atmosphere.  Increasing the ZnPc films thickness shrunk 

the energy band gap in the B- and Q- bands and decreased both of the optical 

conductivities and free holes density in the Q-band. The increase in the film thickness is 

also observed to decrease the plasmon frequency and the drift mobility of holes in the 

films. The highest dielectric constant is obtained for films of thicknesses of 100 nm. The 

annealing process enhanced the optical absorption, redshifts the energy band gap value 

and the critical energy of the absolute maxima of dielectric constant. In addition, while the 

heat treatment enhanced both of the scattering times at femtosecond level and the drift 

mobility, it reduced the free holes density, and the plasmon frequency.   
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1. Introduction  
 

Phthalocyanine (ZnPc) is one of the promising organic materials that find its location in 

organic thin film transistors (TFT) technology. Recent reports indicated that these materials which 

can be grown onto flexible substrates are regarded as of low cost and of large area which make it 

attractive for optoelectronic designs including liquid crystal displays  and organic light emitting 

diodes [1].  ZnPc TFT devices are known for their high stability and highly efficient luminance 

material. Such type of organic thin film transistors is observed to exhibit a photoresponsivity of 

11.3 A/W when irradiated with light of intensity of 5 μW/cm 
2
 at 540 nm [2]. One novel property 

of these types of organic polymers is their ability to exhibit self-encapsulation to reveal 

ultracompact TFT with low biasing voltage [3]. It is also mentioned that, when excited with light 

of wavelengths of 351 nm, the ITO/ZnPc/Al/ZnPc/Cu TFT structure can exhibit an abrupt 

increase in the current values. For this transistor, the photoresponsivity reached 5.3 A/W [4].  In 

addition, ZnPc transistors which are prepared onto a dielectric configuration composed of 

Al2O3/poly(vinyl alcohol PVA/poly(methyl) methacrylate (PMM) displayed high responsivity 

values up to 9.7×10
4
 A/W [5].  

In spite of its ultrahigh responsivity compared to inorganic thin film transistors, ZnPc 

based devices suffers from the low mobility of charge carriers. The charge carrier mobility of the 

Al2O3/PVA/(PMM)/ZnPc is in the range of 10
-2

-10
-3

 cm
2
/Vs [5]. Those of organic PQT-12 ( poly 

(3, 3'''- dialkylquaterthiophene) (PQT-12) polymer) based TFTs exhibit mobility values 7.8x10
-2

 

cm
2
/Vs [2]. Even though these values are high compared to other organic thin film transistors, 
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they are regarded as low in the world of TFT technology [6].  For this reason, here in this work, 

we will carry a complete analysis that gets use from the variation of the ZnPc layers thickness to 

reveal the best conditions for optical conduction. Particularly, thin layers of ZnPc thin films in the 

thickness range of 50-600 nm will be structurally and optically investigated to determine the 

relation between the structure and thickness of the films and between the thickness and optical 

conductivity parameters. The parameters which are presented by the drift mobility, the scattering 

time at femtosecond level, the free charge carrier density and the plasmon frequency will be 

determined from the dielectric spectral analysis in the visible region of light to determine the 

thickness which reveals the highest drift mobility value. The work will also consider the possible 

relation between the other optical and structural parameters and films thickness. Some of the 

samples will be subjected to an annealing process to attempt to enhance the structure and optimize 

better drift mobility values for ZnPc films.  

 

 

2. Experimental details  
 

Zinc phthalocyanine thin films of thicknesses of 50-600 nm are coated onto glass 

substrates using VCM-600 thermal evaporator under vacuum pressure of ~10
-5

 mbar.  The source 

material was ZnPc (Alfa Aeser 99.9%) nano-powders. The powders are located in a boat like 

tungsten heater 10 cm below the substrate holder.  The thickness of the films was measured with 

Inficon STM-2 thickness monitor which have resolution of 0.03 
o
A. The annealing of the 600 nm 

thick films were carried out in a vacuum media (10
-4

 mbar) at temperature of 200 
o
C for one hour.  

All the studied films were tested by the hot probe technique and were found to exhibit 𝑝 −type 

condcution. The produced films are structurally characterized by MiniFlex-600 X-ray diffraction 

unit with scanning speed of 0.5
o
/min. The morphology of the films was tested by COXEM-200 

scanning electron microscopes. The optical transmittance and reflectance spectra were measured 

with the help of thermoscientific Evolution 300 ultraviolet-visible light spectrophotometer in the 

spectral range of 300-1100 nm.    

 

 
3. Results and discussion  
 

In order to investigate the effect of the film thickness on the optical conductivity 

parameters of zinc phthalocyanine (ZnPc) thin films, we first attempt to explore the crystalline 

nature and morphology of the films. Fig. 1 illustrates the X-ray diffraction patterns for ZnPc thin 

films of thicknesses (d) of 50-600 nm. No intensive peaks are detected in the patterns of the as 

grown thin films in the studied thickness range. Such observation indicates the amorphous nature 

of the films. Earlier studies which take into account the thickness effect on the crystalline nature of 

the ZnPc thin films have shown that while thin films of thicknesses in the range of 100-250 nm 

exhibit amorphous nature, thicker films in the range of 300-1000 nm are of polycrystalline nature 

[7]. The obtained thin films were reported to be of monoclinic structure. The amorphous nature of 

the films and its crystallographic transitions are assigned to the elastic strain at the glass/film 

interfaces [7]. It is mentioned that for lower thicknesses (d<250 nm), the ZnPc films are elastically 

strained at the interface of the lattice of the film and the substrate. Increasing the thickness above 

250 nm allowed the formation of misfit dislocations. These dislocations partially relaxes the film 

and allow the equilibrium free lattice parameters to be attained. This indication was supported by 

monitoring the intensity of the predominant peak (2𝜃 = 7.34°) which increased with increasing 

film thickness. In another work, ZnPc thin films of thicknesses of 750 nm are mentioned being of 

amorphous nature when grown at substrate temperature of 30
o
 C. The crystalline phase at this 

thickness was achieved at substrate temperatures in the range of 50 
o
C-200 

o
C [8]. Ultrathin films 

of ZnPc whose thicknesses are in the range of 5-50 nm which are grown at substrate temperatures 

in the range of 30-90 
o
C are all observed to exhibit polycrystalline nature. For these films a 

triclinic (α-ZnPc) or monoclinic (γ-ZnPc) phases are formed.  The formation of the crystalline 

phase is reported to be independent from the kind of substrate, layer thickness, or substrate 

temperature [9].  From our observation and the reported literature data, it seems that identifying a 
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standard for the crystalline phase of ZnPc is not that easy. The crystallographic phase of ZnPc is 

randomly influenced by the thickness, substrate temperature and kind of substrate.  

 

 
 

Fig. 1 The X-ray diffraction patterns for the ZnPc thin films at various thicknesses (d) the indexed 

patterns are obtained after annealing of the ZnPc (600 nm) films at 200 
o
C for one hour in a vacuum. 

 

 

In order to achieve polycrystalline phases of ZnPc thin films under study, the samples 

whose thicknesses are 600 nm were heat treated at (𝑇𝑎) 200 
o
C for one hour.  The resulting XRD 

patterns are shown in Fig. 1. Two peaks centered at 2𝜃 =7.40 
o
 and 9.75 

o
 were detected in the 

XRD patterns. To identify the crystalline phase of the annealed films “Crystdiff” software 

packages were employed to reproduce the experimental data. The simulator was tested for 𝛼 and 

𝛽-phases of ZnPc assuming a respective lattice parameters of 𝑎 =25.9, 𝑏 =3.8, 𝑐 =23.9 Å, 

β=90.5° and space group 𝐶2/𝑐   and 

𝑎 = 19.274, 𝑏 = 4.8538, 𝑐 = 14.553 Å, 𝛽 = 120.48° and space group 𝑃21𝑎 [10]. In accordance 

with the simulator, the strongest reflection of the monoclinic 𝛽 −phase appears at 2𝜃 = 5.32𝑜  
(100%) followed by 2𝜃 = 6.31𝑜 (69.9%), 2𝜃 = 7. 04𝑜 (55.6%) and 2𝜃 = 9. 31𝑜 (30.4%) along 

(100), (101̅), (001) and (201̅) orientation directions, respectively. On the other hand, In the 

simulator, 𝛼 −phase displayed diffraction angles of 2𝜃 =6.82, 7.39, 10.02𝑜 with relative intensity 

values percentages of 100%, 84.3% and 64.82%, respectively.  While the first peak of the 

experimental data is closer to the theoretically estimated 𝛼 −phase, the second observed peak at 

2𝜃 = 9.75𝑜  could be assigned to either 𝛼 or 𝛽 −phase.  

The calculated crystallite size (𝐷) from the maximum peak broadening (�̅�) in accordance 

with Scherrer equation (𝐷 = 0.94𝜆/(𝛽 ̅ cos(𝜃) [11]) reveals a crystallite size of value of 55 nm, 

microstrain (𝜖 = �̅�/(4tan (𝜃) [11]) value of   1.01× 10−2 and defect density (𝛿 =
15𝜖

𝑏𝐷
[11]), along 

the principle axis of the monoclinic phase 𝑏 −axis,  of  7.11× 1011 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2.   The structural 

parameters which are achieved via annealing process are somehow different from those reported in 

literature data assuring the variability in the structural formation process. A crystallite size, 

microstrain and defect density of values of 98.6 nm, 3.68× 10−4  and 1.03× 1011 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2 were 

reported for ZnPc thin films of thicknesses of 750 nm [7]. On the other hand, trails to explore 

information about the thickness effect on the surface morphology of the ZnPc thin films failed 

owing to the amorphous nature of the films. The only obtainable scanning electron microscopy 

(SEM) images were for the thermally annealed films. The SEM   image which was recorded from 

the surface of the annealed films is displayed in Fig. 2 (a). In accordance with the figure which 

represents an enlargement of 20000 times, the surface comprises randomly distributed grains of 

irregular shapes and average grain size of ~200 nm. The grain comprises at least four crystallites 

(assuming validity of X-ray diffraction calculations for crystallite size). Some grains exceed 350 

nm in size. The larger the grain size, the higher the effective dielectric constant [12], the better the 

mobility [13], the better the thin film transistor characteristics [13].  Larger grain sizes are also 

important for optimizing higher photo-cell efficiencies [14].     
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The ZnPc thin films thickness on the optical transmittance (𝑇) is illustrated in Fig. 2 (b). It 

is clear from the transmittance spectra that there exist two high transmittance regions. For 

examples, for the films whose thicknesses are 50 nm, 𝑇 values increases with increasing incident 

light wavelength (𝜆) reaching a maxima of 84% at 440 nm. It then tends to remain constant in the 

wavelength range of 440-536 nm. In the 𝜆 domain of 536-692 nm, 𝑇 values decreases with 

increasing 𝜆. It then re-increase reaching a value of 84% at 800 nm, where it remains constant in 

the 𝜆 domain of 800-1100 nm. A significant effect of the samples thicknesses in the maximum 

transmittance regions (440-536 nm, 800-1100 nm) is observed. ZnPc is known to exhibit two 

transmittance edges in the B and Q band. While the B band is defined near 330 nm, the Q-band 

dominates near 𝜆 = 700 nm [15]. It is clear from Fig. 2 (b), that the thicker the film, the more 

distinguishable the two bands. The thicker the film, the more redshift in the transmittance spectra. 

On the other hand, the reflectance spectra ( 𝑅) which is illustrated in Fig. 2 (c), did not show any 

systematic behavior as a response to the increased films thickness. In general the reflectance 

values are low and never exceed 20%.  The local and absolute maximum reflectivity appears in the 

B and Q-bands, respectively. It is readable from Fig. 2 (b) and (c) that the highest reflectance value 

appears near 700 nm where the transmittance spectra show minima.  

The measured transmittance and reflectance spectra are employed to determine the 

absorption coefficient (𝛼) spectra through the relation (𝛼 = 2.303(1 − 𝑇 − 𝑅)/d [16]).  This rule 

is used as the transmittance and reflectance arising from the glass substrates is removed through 

storing them in the system reference compartment and the multilayer effect are absent. The 

absorption coefficient spectra are shown in   Fig. 2 (d). 𝛼 −spectra exhibit two strong absorption 

regions one in the B- band and the other is in the Q-band. It is clear from the figure that 𝛼 values 

decrease with increasing thickness and the absorption saturation region becomes wider as the 

thickness increases. As for examples, in the B-band region, while the 𝛼 −spectra exhibit no 

absorption saturation for the films of thickness of 50 nm and an absorption saturation region of 

4.30-4.1 for the 100 nm thick sample, the absorption saturation appears in the range of 4.30-3.0 for 

the 400 and 600 nm thick samples. On the other hand, in the Q- band, the thinner the film, the 

sharper the absorption peak, the higher the absorption coefficient value. The decrease in the 

absorption coefficient values with increasing film thickness may be assigned to the involvement of 

the indirect photon transitions upon increased thickness [17]. It can also be assigned to the 

increased surface roughness with increasing film thickness [9, 17]. The rough the film surface, the 

larger the scattering, the less the ability of light absorption.   
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(a)                                                                        (b) 

 
(c)                                                           (d) 

 

Fig. 2 (a) The scanning electron microscopy results, (b) the optical transmittance, (c) the optical 

reflectance and (d) the optical absorption coefficient for ZnPc thin films at various thicknesses. 

 

 

Fig. 3 (a) illustrates a representative fitting of Tauc’s equation ((𝛼𝐸)2 ∝ (𝐸 − 𝐸𝑔)[16]) 

for direct allowed transitions. The 𝐸 −axis crossings of the straight lines which appear in the 

figure lead to the determination of the thickness dependent energy band gaps (𝐸𝑔) which are 

shown in Fig. 3 (b) and (c) for the ZnPc films in the Q and B-bands, respectively.     A significant 

decrease in the values of the energy band gap with increasing thickness can be observed from Fig. 

3 (b) for the optical transitions in the Q-band. The slope of 𝐸𝑔 − 𝑑 variations reveals a negative 

rate of change (𝛿𝐸𝑔/𝛿𝑑) of the band gap with thickness. 𝛿𝐸𝑔/𝛿𝑑 exhibits value of -1.72×

10−4 𝑒𝑉/𝑛𝑚. The decrease in the values of the energy band gap with increasing film thickness 

was previously observed for the same films and was ascribed to the presence of internal electric 

fields associated with the defects present in the films [7, 15]. In contrast to the systematic behavior 

of 𝐸𝑔 − 𝑑 varıations in the Q-band,    𝐸𝑔 values initially decreased as 𝑑  is increased to 400 nm and 

then slightly increased as 𝑑 is increased further. In truth, the change in the values of the energy 

band gap is less pronounced compared to those observed in the Q-band. The highest 𝐸𝑔 =

2.970 eV value in B-band corresponds to 𝑑=50 nm. The lowest value of 𝐸𝑔 being 2.895 eV relates 

to 𝑑 = 400 nm.        
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                                                                          (a) 

 

 
                   (b)                                                      (c ) 

 

Fig. 3. (a) The Tauc’s equation representative fittings, and the thickness dependent energy band gaps 

in the (b) B-band and (c) Q-band for ZnPc thin films. 

                                                                   

                                       

As a main target of this work, we now attract the attention for the dielectric properties of 

the ZnPc thin films. The effective dielectric constant (휀𝑒𝑓𝑓 = 휀𝑟 + 𝑖휀𝑖𝑚) which allow finding to 

the real (휀𝑟) and imaginary (휀𝑖𝑚) parts of the dielectric constant are calculated from the refractive 

index (𝑛) and absorption coefficient spectra using the relations, 휀𝑒𝑓𝑓 = 𝑛2, 휀𝑟 = 𝑛2 − (𝛼𝜆/(4𝜋))2 

and 휀𝑖𝑚 = 2𝑛(𝛼𝜆/(4𝜋)[16, 19].  The refractive index is determined from the measured 

transmittance, reflectance and absorption coefficient spectra at normal incidence using the relation, 

𝑅 = [(𝑛 − 1)2 + (𝛼𝜆/(4𝜋))2]/[(𝑛 + 1)2 + (𝛼𝜆/(4𝜋))2] [20, 21]. The imaginary part of the 

dielectric constant is used to calculate the optical conductivity (𝜎(w)) through the relation, 

𝜎(𝑤) =
𝜀𝑖𝑚𝑤

4𝜋
 with 𝑤 being the angular frequency of incident light in radians. The spectral 

responses of these two parameters are shown in Fig. 4 (a) and (b), respectively.   The real part of 

the dielectric spectra display thickness dependent interesting characteristics presented by 

broadening and sharp peaks.  While the B-band region displays broadens peaks near 3.06 eV, the 

Q-band region exhibits both broaden and sharp peaks near 1.98 eV and 1.74 eV, respectively.  휀𝑟 

values appear to be more sensitive to the film thickness in the Q-band than in the B-band. The 

critical energies near 3.09 and 1.74 eV is ascribed to the optical transitions in the related bands. It 

is reported that Zinc phthalocyanine comprises 18𝜋-electron structure in the metal free molecule 

and the zinc- phthalocyanine molecule is very rich in molecular orbitals which result in very dense 

energy bands [15]. While the ground state of the HOMO (highest occupied molecular orbitals) and 

SHOMO  (singlet highest occupied molecular orbital) are assigned to 𝑎14(𝜋 ) and 𝑎24(𝜋), the first 

excited LUMO (lowest unoccupied molecular orbitals) level is known to be 𝑒𝑔 (𝜋∗)  [15 ,18]. The 

electronic transitions from 𝑎14(𝜋 ) to 𝑒𝑔 (𝜋∗)  result in Q- and B-band absorptions near 2.0 and 

3.65 eV.  The Q-band splits into two bands centered at 1.75 and 2.0 eV owing to the molecular 

vibration restrictions in phthalocyanine microcycles [18].  The critical energy at 1.75 eV is 
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believed to arise from excitonic transitions and/or vibrational conditions [18].  The group of 

broaden energy peaks in the region of the B-band which is shown by the red colored dotted circle 

in Fig. 4 (a) should be ascribed to the interactions between ZnPc (C32H16N8Zn) and the SiO2 rich 

glass substrate. Transitions in ZnO in the presence of carbon are reported to result in an energy 

band gap reduction from 3.20 to 3.09 eV [19]. Focusing on 휀𝑟 spectra in the Q-band, it is observed 

from Fig. 4 (a) that the maximum dielectric constant relate to ZnPc films of thickness of 100 nm. 

Increasing the thickness of the films furthers to 200 and 400 nm, reduces the value of 휀𝑟 and forces 

peaks splitting into two peaks centered at 1.76 and 1.62 eV. When the film thickness reaches 600 

nm, the peak which appeared at 1.76 increases and the peak which appeared at 1.62 remains as it 

was.     

The optical conductivity spectra for the zinc phthalocyanine which is illustrated in Fig. 4 

(b) is considered in the Q-band only.   We avoided discussing the B-band region owing to the 

ZnPc-SiO2 substrate interactions which may be misleading at the current stage.  The optical 

conductivity in the region of 2.8-1.1 eV, exhibits broadens and sharp maxima at 1.98 and 1.77 eV, 

respectively.  In contrast to the behavior of the real part of the dielectric constant, 𝜎(𝑤) spectra are 

systematic and follow specific trends of variation with increasing thickness. The dependence of the 

conductivity on the ZnPc film thickness is illustrated in the inset of Fig. 4 (b). The inset of the 

figure, demonstrates an inverse relation between the optical conductivity and sample thickness.   

To explore the physical nature beyond this behavior, we have carried out a fitting procedure with 

the help of Drude-Lorentz approaches for optical conduction in which the optical conductivity 

takes the form [20, 21].    In the Drude-Lorentz model the optical conductivity takes the form,  

 

𝜎(𝑤) = ∑
𝑤𝑝𝑒𝑖

2 𝑤2

4𝜋𝜏𝑖((𝑤𝑒𝑖
2 −𝑤2)

2
+𝑤2𝜏𝑖

−2)

𝑘
𝑖=1  .                                                      (1) 

 

In the above equation,  𝑤𝑝𝑒𝑖 = √4𝜋𝑝𝑖𝑒2/𝑚∗  is the plasmon frequency and 𝜏𝑖=
𝜇𝑖𝑚∗

𝑒
  is the 

scattering time at femtosecond level for a free carrier of concentration 𝑝𝑖, drift mobility 𝜇𝑖 and 

effective mass 𝑚∗. Here the subscript 𝑖 represents the number of oscillators and 𝑘  is the number of 

oscillators at which the series terminates. 𝑤𝑒𝑖 is the hole-plasmon reduced frequency in radians. 

For the zinc phthalocyanine running the series up to  𝑘 = 3 was sufficient to obtain the 

experimentally observed conductivity spectra. The reproduced experimental data by Eqn. 1 are 

shown by black circles in Fig. 4 (b). The good consistency between theory and experiment were 

achieved through substituting the values of the effective mass of holes as 13.85𝑚𝑜 [22]. 

Illustrative sample of the obtained optical conductivity parameters for   ZnPc films of thicknesses 

of 50 nm and 600 nm are shown in Table 1.  

 

 
Table 1. The optical conductivity parameters for ZnPc films. 

 

 𝑑 = 50 𝑛𝑚 𝑑 = 600 𝑛𝑚 𝑑 = 600 𝑛𝑚 𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑 

𝑖 1 2 3 1 2 3 1 2 3 

𝜏(𝑓𝑠) 1.0 5.3 3.2 0.4 2.6 2.0 0.9 4.0 1.0 

𝑝 (× 1020 𝑐𝑚−3) 3.8 3.1 2.6 0.3 1.0 1.1 0.30 0.47 2.7 

𝑤𝑒  (𝑥1015 𝑅𝑎𝑑/𝑠) 1.4 2.7 3.0 1.4 2.7 3.1 1.4 2.5 3.0 

𝑤𝑝 (𝐺𝐻𝑧) 3.1 2.8 2.6 0.9 1.6 1.7 0.9 1.1 2.6 

𝜇 (𝑐𝑚2/𝑉𝑠) 0.13 0.68 0.41 0.05 0.33 0.25 0.11 0.51 0.13 
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(a)                                                                    (b) 

 

Fig. 4 the thickness dependent (a) real part of the dielectric constant and (b) the optical conductivity 

spectra for as grown ZnPc thin films. The inset shows the thickness dependence of the optical 

conductivity at 1.77 eV. 

 

 

The effect of samples thicknesses on optical conductivity parameters at the absolute 

maxima of the 𝜎(𝑤) spectra (1.77 𝑒𝑉, 𝑤𝑒2 = 2.7 × 1015 𝑅𝑎𝑑) are shown in Fig. 5.  It is clear 

from the table that as the oscillator reduced frequency increases from 1.4× 1015 𝑟𝑎𝑑 to 2.7×
1015 𝑟𝑎𝑑 , the scattering time, the plasmon frequency, the drift mobility and the free carrier 

concentration increases regardless of the sample thickness. When the hole-plasmon frequency 

switches to 3.0× 1015 𝑟𝑎𝑑 (1.98 eV) from 2.7× 1015 𝑟𝑎𝑑 , 𝜏3, 𝑤𝑝3 and 𝜇3 decreases and 𝑝3 

increases. This observation is valid for all studied samples. On the other hand, considering one 

particular 𝑤𝑒𝑖 value and observing the thickness effect one may observe the variations which are 

shown in Fig. 5 (a)-(d). As it is clear from Fig.5 (a), the scattering time at femtosecond level which 

is usually inversely proportional with the damping coefficient decrease with increasing film 

thickness. It indicates an increase in the damping force which causes electronic friction. The 

thicker the film, the more rough the surface [23], the larger the scattering. The thicker the film, 

larger the electronic frictional force, the lower the conductivity [24] (as also shown in the inset of 

Fig. 4 (b)). It is also observed from Fig. 5 (b), that the free holes density decreases with increasing 

thickness owing to the increased damping coefficient or decreasing scattering time. It is also 

noticeable from Fig. 5 (c) and (d) that both of the drift mobility and plasmon frequency decreases 

with increasing film thickness. The decrease in the values of 𝑤𝑝 with increasing 𝑑 values is 

ascribed to the increased damping coefficient owing to the quadratic relationship (𝑤𝑝
2 ∝ 𝑝) 

between the plasmon frequency and the holes density. The drift mobility which is a measure of the 

drift velocity of free holes per unit electric fields balances the rate of change of the conductivity 

and free holes density (𝜇 = 𝜎(𝑤)/(𝑝𝑒)) with thickness. The decrease in the value of 𝜇 with 

increasing thickness was previously observed in disordered systems. It is mentioned that in poly(3-

hexylthiopene) rectifiers, the effective drift mobility decreases with increasing thickness for the 

dispersive transport in a disordered system due to the limitations in the free carrier ejection [25].  

The decrease in the drift mobility value may also be ascribed to the increased stress with 

increasing thickness. It is mentioned that, the drift mobility decreases with increasing stress in a 

manner that depended upon the deformation history [26].  
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a) b) 

  
c) d) 

 
Fig. 5. The thickness dependent (a) scattering time, (b) free hole density, (c) drift mobility and (d) 

plasmon frequency of as grown ZnPc thin films. 

 

 

It may be of interest to attract the attention toward the behavior of the optical conductivity 

parameters under the influence of thin film thickness for oxide materials. Oxide materials like 

CuO and ZnO display opposite response to that of ZnPc when the scattering time and drift 

mobility are taken into account [20]. It is reported that, increasing the thickness in CuO decreases 

the damping factor and results in an enhancement in the drift mobility [20]. However, consistent 

with our observation in ZnPc, increasing the thickness in CuO decreases the free carrier density 

and the plasmon frequency.  Such behavior was attributed to the increase in the partial pressure of 

oxygen atoms with increasing film thickness [27].  

The effect of thermal annealing of the ZnPc films of thicknesses of 600 nm on the optical 

properties is illustrated from Fig. 6 (a)-(d). It is clear from Fig. 6 (a) that the absorption coefficient 

in the B band range is highly influenced by the annealing process compared to the 𝛼 −spectra in 

the Q-band. Namely one may observe an enhancement in the light absorbability in the incident 

photon range of 3.13-2.17 eV. As for examples, the absorption coefficient values increased by 4.8 

times at 2.54 eV. In addition, the plotting’s of the absorption coefficient value in accordance with 

the Tauc’s equation for direct allowed optical transitions which is illustrated in Fig. 6 (a) displays 

𝐸 − 𝑎𝑥𝑖𝑠 crossings at 2.91 and 2.60 eV, in the B-band, for the as grown and annealed samples, 

respectively. The same fitting’s revealed a respective decrease in the energy band gap values from 

1.60 eV to 1.54 eV in the Q-band. The annealing decreased the energy band gap by 0.31 eV in the 

B-band and by 0.06 eV in the Q-band. In addition, the dielectric spectra of the real part of the 

dielectric constant which is illustrated in Fig. 6 (c) mostly display a redshift in the critical energies 

upon annealing. The absolute maxima in the spectra shift from 1.78 eV to 1.60 eV. The same style 

of energy shift is also observed in the optical conductivity spectra. As seen from Fig. 6 (d) the 

maxima of conductivity which was observed at 1.77 eV shifts to 1.65 eV upon annealing.  The 

fitting of the optical conductivity spectra in accordance with Eqn. 1, revealed the optical 

conductivity parameters which are shown in Table -1. As can be read from the table, the scattering 
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time and drift mobility increased from 2.6 and 0.33 to 4.0 fs and 0.51 cm
2
/Vs, respectively. The 

free holes density, the hole-plasmon reduced frequency and the plasmon frequency decreased by 

53.0%, 7.4% and by 31.3%, respectively. These significant changes in the optical properties of the 

ZnPc which is achieved via annealing process, are ascribed to the structural modification that 

resulted in the poly-crystallization of the material.  Earlier studies on the annealing effects on ZnPc 

films at 200 
o
C have shown that the material exhibits phase transition from α to β- phase [28]. The 

transformation is accompanied with changes in the shapes of grains from spherical to nanorods of 

length longer than 1.0 μm. It was observed that the tilt angle of planar molecules within the 

columns increases upon annealing.  The increase in the tilt angle causes a shortening in the 

intercolumn distances.  It was mentioned that the in-plane ordering of molecules in the nanorods is 

reached by tight and parallel arrangements of monoclinic cells along the substrate surface leading 

two low-energy subbands in the Q-band called Q3 and Q4 with stronger electronic coupling in the 

Q4 band [28].  The process which includes shortening of the 𝜋 − 𝜋 distance owing to the change 

in the molecular symmetry of the zinc phthalocyanine may account for the enhanced drift mobility, 

scattering time and increased light absorbability.  Enhanced light absorption coefficient upon 

annealing at 200 
o
C was also reported for ZnPc thin films of thicknesses of 750 nm and was 

ascribed to the phase transition from 𝛼 to 𝛽  and to the compactly stacking of the ZnPc cylindrical 

clusters along the b –axes of the monoclinic cell. This type of stacking leads to an overlapping 

between the ZnPc molecules are much denser way compared to the as grown samples [8].  

 

 
(a)                                               (b)               

                  
                                                 (c )                                          (d) 

 
Fig. 6. (a) the optical absorption coefficient, (b) the Tuac’s equation fitting, (c) the real part of the 

dielectric constant and (d) the optical conductivity spectra for the as grown and annealed ZnPc films 

of thicknesses of 600 nm. 

 

 

4. Conclusions  
 

In the current study, we attempted to engineer the optical properties and optical 

conductivity parameters of zinc phthalocyanine via altering the films thicknesses and heat 
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treatment of some of the films.  While increasing the thickness in the range of 50-600 nm lowered 

the transmittance, redshifts the energy band gap, decreased the all the optical conductivity 

parameters, the annealing of the thick films (600 nm) in vacuum for one hour at 200 
o
C enhanced 

both of the drift mobility and optical absorption coefficient. The optimized features through 

altering the thickness or annealing the films make the ZnPc thin films more attractive for use in 

optoelectronic technology owing to large light absorbability in   the Q and B band of the light 

spectrum.     
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