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Abstract
Thermally evaporated of zinc 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP) 
organic thin films have been successfully prepared and investigated. X-ray diffraction pat-
terns of fresh grown and annealed ZnTPyP thin films have been performed. Spectra of 
transmission (T) and reflection (R) have been measured and have been used to establish 
optical constants and relevant dielectric variables. The absorption spectrum of pristine and 
annealed ZnTPyP films shows the most intense band called Soret band (B) which reveals 
Davydov splitting into two peaks  Bx and  By. Furthermore, two quasi-electronic bands 
named Q-bands and another weaker band labelled N have been observed at UV–visible 
spectral region. To derive several dispersion parameters of the studied ZnTPyP films, a 
single oscillator theory is implemented to the normal behaviour portion of the n-spectra 
whereas K-spectra is used to deduce the coefficient of absorption and the optical gap ener-
gies. Many optical aspects have also been discussed, such as dielectric constants, optical 
conductivity and energy loss functions (SELF and VELF). Optical constants, dispersion 
parameters and energy loss functions of ZnTPyP thin films have shifted with the thermal 
annealing range up to 523 K, which could be considered in design the energy conversion 
and storage devices based on ZnTPyP thin films.
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1 Introduction

The promising photophysical and photochemical capabilities of Porphyrins have become 
much more interesting over the last two decades, resulting in a great opportunity for solar 
energy conversion, energy storage and catalytic applications. (Park et  al. 2020; Bau-
mann et al. 2019). Porphyrins come from a family of macrocyclic tetrapyrrole complexes 
which in many biological activities and represent essential functions in nature (Peng et al. 
2020). Porphyrins are typical organic semiconductors having skeletons possess a wide 
π-conjugation system results in an intense Soret absorption band and another quasi-elec-
tronic absorption band named Q-bands extended over the range of visible light spectrum 
(Gouterman and Dolphin 1978). This extraordinary phenomenon of the extreme absorp-
tion band is being utilised in building platforms and systems to transform solar energy into 
stored chemical energy (Gao et al. 2017a). In addition, porphyrins with 18π can be effec-
tively oxidised or reduced to porphyrins of 16π or 20π respectively. In particular, due to 
the narrow optical band-gap between the HOMO–LUMO of most porphyrins (Liao and 
Scheiner 2002), electrons may be easily accepted or donated to their conjugated structures 
(Kakui et al. 2011). This demonstrates that bipolar-type porphyrins could be used as both 
cathode and anode in electrochemical energy storage technologies (Shin et al. 2014). On 
the other hand, porphyrin is planar macrocyclic molecule has a vacant site at its central 
core, which is ideally suited for introducing a metal ion to form metalloporphyrin. The 
presence of metal ion at the central cavity provides unique physic-chemical characteristics 
to the metalloporphyrin (Mondal and Rath 2020). Thus, metalloporphyrins are efficiently 
utilized in different applications including solar cells (Sehgal and Narula 2019; Makhlouf 
and Zeyada 2015), electrochemical energy storage systems (Sakaushi et al. 2013) and vari-
ous catalytic activities (Peng et al. 2020).

Intense research has been carried out to incorporate metalloporphyrins into photode-
tectors, sensitized solar cells, batteries and supercapacitors as efficient organic electrodes 
(Janoschka et  al. 2015; Shin et  al. 2014). Shin et  al. (2014) utilized Ni(II)-porphyrin 
complex based polymer as an efficient electrode in Li-ion batteries, in which the mecha-
nism was based on the porphyrin can convert from antiaromatic to aromatic states. Also, 
CuDEPP is considered an excellent promising organic electrode in different batteries. The 
CuDEPP was suited as an organic electrode in Li-ion batteries. It exhibited a rapid redox 
conversion and slow discharge/charge processes with specific capacity ≈ 210 mAh  g−1 and 
capacity retention ≈ 8000 cycles (Gao et  al. 2017b). Likewise, the CuDEPP was suited 
anode electrode in a Li-free CuTEP/PP14TFSI/graphite battery. The battery provides 
the specific capacity ~ 43 mAh   g−1 with maximum power ~ 13 kW  kg−1 for 1000 cycles 
(Chen et al. 2019). Furthermore, the CuDEPP is also used as a cathode in K-ion batter-
ies. The CuDEPP revealed a reversible capacity ≈ 181  mAh   g−1 with maximum power 
≈ 859 W  kg−1 and capacity retention ≈ 87% for 300 cycles (Gao et al. 2020). The metal-free 
tetraphenylporphyrin  (H2TPP) was utilized as a bipolar redox-active material which can 
serve a dual function as an anode  [H2TPP]2−/H2TPP and as a cathode:  H2TPP/[H2TPP]2+ 
in redox flow batteries. The cells reveal specific capacity ~ 8.72 Ah/L with good capac-
ity retention of 99.98% per cycle (Ma et  al. 2018). The [5,15-bis(2,6-di-octoxyphenyl)-
10,20-bis(ethynyl)-porphinato] zinc(II) and its polymer with various ratios were prepared 
and served as a cathode in lithium battery. The cells exhibited high stability with capacity 
retention ~ 99.2% for 2000 cycles (Yuan et al. 2020).

On the other side, organic solar cells based on porphyrin-active layers with high per-
formances have been achieved (Ma et al. 2018; Yuan et al. 2020; Wang et al. 2016; Gao 
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et  al. 2019; Zhang et  al. 2017, 2018; Zeyada et  al. 2015; El-Nahass et  al. 2014). Wang 
et al. (2016) carried out a solar cell-based on acceptor-donor-acceptor porphyrin of power 
conversion efficiency (PCE) ≈ 7.7%. Likewise, they designed a porphyrin-based donor 
ZnP-TBO cell of PCE ≈ 12.08% (Gao et al. 2019). Whereas Zhang et al. (2017) introduced 
perylene bisimides conjugated to a porphyrin solar cell with PCE of 7.4%. Also, Zhu et al. 
(Zhang et al. 2018) reported a larger PCE of 9.64% with the same structure for porphyrin-
conjugated to a perylene bisimides-ZnP.

Therefore, considerable efforts have been done for understanding the structure of dif-
ferent porphyrins and their physic-chemical characterizations to open opportunities for 
designing optimized construction of novel porphyrin derivatives to be an excellent poten-
tial for using as efficient organic electrodes in batteries, and as a good active layer used to 
solar cells (Zeyada et al. 2015; El-Nahass et al. 2014, 2012). Additionally, porphyrins have 
been utilized as photosensitizers for different solar cells based wide-band-gap oxides like 
NiO, ZnO and  TiO2 (El-Nahass 1992). The spectroscopic characterizations of tetraphe-
nylporphyrin, (TPP), and its Zn-complex (ZnTPP) films have been reported (Zeyada et al. 
2015). The absorption spectrum of TPP revealed four absorption transition bands including 
Soret (B) band, series of Q-bands, and two weaker bands called N and M. The introducing 
of Zn metal into the core center of TPP to form ZnTPP compound effects on the shape of 
B band and decreases the number of Q-bands, in addition, to shift the absorption spectrum 
towards lower wavelengths (blue shift). Consequently, the energy gap increased from 1.81 
to 1.89 eV when the TPP macrocycle metaled to form ZnTPP, respectively (Zeyada et al. 
2015). Cu tetraphenylporphyrin (CuTPP) films have been prepared. The morphological 
structure and structure analysis of CuTPP have been carried out by different techniques. 
The optical parameters of CuTPP films were investigated. The result exhibited that the 
electronic transition of CuTPP is an indirect allowed with an optical band gap of 1.80 eV. 
The dispersion parameters of CuTPP films were also investigated (El-Nahass et al. 2014). 
Likewise, the structural and optical characterizations of NiTPP films were achieved. The 
results revealed that the prepared NiTPP films exhibited an amorphous structure. Addition-
ally, the absorption spectra of the prepared NiTPP thin films possess five electronic bands 
with indirect allowed transitions with onset optical energy gap of 1.93 eV (El-Nahass et al. 
2012).

Therefore, the present work reports the effect of thermal annealing on optical charac-
terizations of ZnTPyP thin films including transmittance and reflectance behavior, optical 
constants, optical band gap, energy loss functions and dispersion parameters. This study 
will open the way for utilizing the ZnTPyP thin films for possible applications in conver-
sion and storage energy devices.

2  Materials and methods

Zinc 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP) dye (90%) with CAS number 
31183-11-6 was purchased from Sigma-Aldrich Chem. Co. and it was utilized as-received 
in the present work without any purification or modification. The empirical formula of 
ZnTPyP is  C40H24N8Zn with the molecular structure shown in Scheme 1. The uniform and 
compact thin films of ZnTPyP were grown onto quartz substrates using thermal evaporation 
method (Edwards Co. model E306A) under high vacuum pressure of  10−6 Pa and operated 
in the existence of liquid nitrogen. The ZnTPyP in the powder form was sublimated by using 
a quartz crucible heated gradually via tungsten filament. The equipment is supplied with a 
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quartz crystal monitor (INFICON SQM-160) to control the deposition rate and the film thick-
ness formation. The prepared ZnTPyP thin films were deposited with an average deposition 
rate of 0.2 nm/s and the final film thickness is 270 nm. The prepared films were divided into 
two groups; one group contains pristine films and another group contains films were treated 
with different annealing temperatures at 373, 473 and 523 K. The X-ray diffraction analysis of 
the films is examined by a Philips X-ray diffraction system (model X/Pert Pro.).

Transmission, reflection and absorption spectra of all prepared films were acquired in the 
range of 200–2000 nm by a double beam JASCO V-570 spectrophotometer. The refractive 
index, n*, of material is a complex quantity which contains the real term, n, is called refractive 
index and the imaginary term, k, is called absorption index. The optical parameters of ZnTPyP 
thin films can be determined using the absolute values of transmittance T(λ) and reflectance 
R(λ). The magnitudes of n and k for the ZnTPyP thin film of thickness d can be obtained (El-
Nahass 1992; Heavens et al. 1964).

where α is the absorption coefficient of the film.
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Scheme 1  Molecular structure of 
zinc 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphine (ZnTPyP)



Thermal annealing impact on structural, optical and dispersion…

1 3

Page 5 of 20 550

3  Results and discussion

3.1  Structure investigation of ZnTPyP thin films

Structural formation of ZnTPyP in the form of powder and thin film (as-deposited and 
annealed) were examined by XRD technique (Fig. 1). In Fig. 1a an XRD pattern of the 
powder form of ZnTPyP exhibits multiple diffraction peaks with different intensities 

Fig. 1  a XRD pattern of ZnTPyP in the powder form. b XRD pattern of ZnTPyP thin films at different 
annealing temperatures
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which confirm the polycrystalline structure nature. The identification crystal structure data 
of ZnTPyP including lattice parameters and Miller indices (h k l) can be calculated and 
refined by using Crysfire (Shirley 2000) and Chekcell (Laugier and Bochu 2000) software 
programs. It was found that the crystal system of ZnTPyP is triclinic with space group 
P1 and lattice parameters of a = 16.98 Å, b = 24.28 Å, c = 9.09 Å, α = 93.07°, β = 102.60° 
and γ = 88.23°. The computed values of Miller indices (h k l) correspond to each peak are 
inserted in the XRD spectrum as shown in Fig. 1a. The XRD patterns for the TPyP films 
at different thermal annealing are presented in Fig. 1b. The pristine ZnTPyP film reveals 
a small hump in the background in the absence of any peaks which confirms the amor-
phous structure of the film. At annealing temperature of 373 K, the ZnTPyP film exhibits a 
weak peak at 2θ = 15.4° with preferred orientation ( 

−

1
−

3 1 ) which is evidence to the enhance-
ment of the crystalline structure of these films. With increasing annealing up to 523 K, the 
more intense peak was observed with shift position at 2θ = 17.2° with preferred orientation 
( 2

−

1 1 ) which indicates to the improvement of the crystalline structure for ZnTPyP films 
with the increase of annealing temperature. Figure 2 shows the SEM micrographs of sur-
face morphology of as-deposited and annealed ZnTPyP film which indicates the deposited 
film is homogeneous with high roughness. The film contains small particles in nanoscale 
are well dispersed on the film prepared. The structure morphology of the film was affected 
by external annealing temperature at 523 K which changed its structure as aligned fiber 
like structure and made cracks on their surface.

3.2  Transmittance and reflectance of ZnTPyP thin films

The measured transmittance (T) and reflectance (R) versus the wavelength λ for ZnTPyP 
thin films in the wavelength range 250–2000 nm depict in Fig. 3. The behavior of T and 
R can be divided into two categories: (a) region of short wavelengths (λ < 650  nm), the 
total summation of T and R is less than unity at any certain wavelength which indicates to 
the existence of the absorption term in that region (absorbing region). In the wavelengths 
range of 388–469 nm, the values of T ≈ 0, i.e., there is no light transmits out of the film 
which means the incident light on the film is absorbed and/or reflected. (b) The long wave-
lengths region (λ ≥ 650  nm), the sum values of T + R ≈ 1 at a certain wavelength which 

Fig. 2  SEM images of a as-deposited and b annealed ZnTPyP thin films
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reveals transparent films in that region and no light was scattered or absorbed. This region 
can be considered a transparent region (non-absorbing region). The oscillations in T and R 
spectra have resulted from the interference of light waves. The above-mentioned phenom-
ena occur also for the annealed ZnTPyP thin films with a slight shift in the T and R spectra 
dependence on the annealing temperature. Based on the spectral behavior of T and R spec-
tra of ZnTPyP films we can conclude that the films of ZnTPyP could be considered as good 
potential for design optical block filters at the absorption peaks or range of T≈ 0 and can be 
used as optical pass filters at the transparent region.

3.3  Absorption spectra of ZnTPyP thin films

Generally, most of porphyrins and metalloporphyrins possess wide absorption spec-
tra characterized with well-known electronic absorption bands called the Soret (B) and 
Q-bands extended in the UV–visible region. Figure 4 shows absorption spectra (A) versus 
the wavelength for pristine and annealed ZnTPyP thin films. The B- and Q-bands range 
around 385–480 nm and 520–665 nm in the UV–visible spectrum, respectively. Another 
band named N locates around 274–363 nm in UV-spectrum. These peaks of the bands are 
generally interpreted based on π–π* transitions between bonding and anti-bonding molec-
ular orbitals and d–π* transitions due to partially occupied d-bands from central Zn ion 
(Gouterman 1978; Lopes et al. 2019). The Soret or B-band is the most intense absorption 
band relates to transitions accompanied by high dipole strengths to the second excited state. 

Fig. 3  Spectral distribution of transmittance (T) and reflectance (R) at different annealing temperatures
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The Soret band (B) splits into  Bx and  By sub-bands at 433 nm and 454 nm; respectively, 
called Davydov splitting which occurs due to the interaction between two or more mol-
ecules in the stacking aggregates that result in two excitonic transitions with high oscillator 
strengths (Davydov 1971). Kasha et al. (1965) modified the exciton model and proposed 
that this splitting is due to the interaction of electric dipole moments. The strong intense 
of  Bx and  By sub-bands resulted from the transitions accompanied by parallel electric 
dipoles. The Q-band is composed of two quasi-degenerated electronic transitions from the 
ground to the first excited states. The intensity of Q-bands is comparatively smaller than 
that for the  Bx and  By bands which are attributed to Q-bands have small oscillator strengths 
results from the cancellations of electric dipoles occurred between opposite directions of 
some electric dipoles of Q-bands (Kasha et al. 1965; Makhlouf et al. 2014). In comparison 
with the absorbency of TPyP thin films prepared by the same technique in the literature 
(Makhlouf et al. 2019), it was noted that the absorbency of ZnTPyP films revealed very 
sensitive changes due to the inserting of Zn ion into the central cavity of porphyrin macro-
cycle of TPyP compound. For TPyP, The Soret band of TPyP has a high intense Soret band 
without any splitting, in addition to the Q-band contains four Q-quasi electronic states. 
Therefore, the splitting of the Soret band and reduced in the number of Q-band into two 
bands in the absorbency of TPyP film are attributed to the presence of Zn ion in the centre 
cavity of TPyP compound.

The pre-treatment of ZnTPyP films at different temperatures (373–523 K) for 2 h caused 
distorted in B- and Q-bands beside to small shift to lower wavelengths (blue shift). The 
magnitude of separation between  Bx and  By peaks (ΔB) increased from 21 to 53 nm for the 
as-deposited film with the annealing temperature at 373 K. film. As an annealing tempera-
ture increases to 473 K, the  Bx peak disappeared and the Soret and consists of  By peak and 
one shoulder. The presence of the shoulder supports the formation of stack of molecules 
(H-aggregates)  (Gouterman et al. 1963). At temperature 523 K, the Soret band distorted 
completely and the peaks of  BX and  By disappeared, in addition to the absorption spec-
trum of TPyP reduced and shifted to lower wavelengths (blue shift) in comparison with the 
spectrum of the pristine film of TPyP. The blue shift in the spectrum which indicates the 
formation of molecular stacking called H-aggregates in the annealed films at 523 K is less 

Fig. 4  Absorption spectra (A) of 
ZnTPyP films at different anneal-
ing temperatures
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ordered domain than that for pristine film. Moreover, the slight red-shifts observed in the 
spectra of annealed films at 373 K and 473 K which indicated the change rate formation 
of aggregations is no enough to detect the shift (Kasha et al. 1965; Makhlouf et al. 2014, 
2019; Gouterman et al. 1963).

3.4  Complex refractive index of ZnTPyP thin films

The complex refractive index (n*) is consist of real and imagery terms related through the 
relation: n∗ = n + ik ; where n is the real term called refractive index and k is the imaginary 
term called the absorption index. The n and k are considered important optical constants 
for any optical material because their values can determine the type of interaction between 
the incident light and the material and the magnitude of the quantity of absorption loss of 
light within the material. In addition, they can supply us valuable information about the 
electronic transition bands of the material. Therefore, the magnitudes of n and k play an 
important role in the design of several photovoltaic and optoelectronic devices (Lamich-
hane and Ravindra 2020; Liu et al. 2020).

The spectral distribution of n and k versus the wavelength of incident light for the 
ZnTPyP films at different temperature are depicted in Fig. 5. The behavior of n spectrum 
exhibits two distinguished behavior. Anomalous dispersion region dominates at λ < 780 nm 
which characterizes with the three absorption peaks at 224 nm, 618 nm and 754 nm beside 
one shoulder at 315 nm. The resonant electrons of polarization with incident photons gen-
erate coupling of electric field oscillations led to the anomalous behavior within the mate-
rial in that range of wavelengths. The anomalous behavior can be interpreted by multi-
oscillator model (Heavens et al. 1964; Palik 1998). Whereas the n spectrum has a normal 
dispersion behavior at λ ≥ 780 nm. The value of n decreases with the increase of applied 
wavelength until reach to nearly a constant value at higher wavelengths. This normal dis-
persion region was interpreted by the single oscillator theory (Lamichhane and Ravindra 
2020; Wemple and DiDomenico 1971). The annealing temperature decrease values of n for 
ZnTPyP films overall the range of the spectrum. However, the n-spectra of annealed films 
still have the same trend of n spectrum of pristine film. Inspection of k spectrum depicted 

Fig. 5  Spectral behavior of 
refractive index (n) and the inset 
figure of absorption index (k) at 
different annealing temperatures
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in the inset of Fig. 5, it can be seen that the k-spectra have the same trend of the absorp-
tion spectra that perform a Soret band splits into two  Bx and  By bands, two quasi-electronic 
bands (Q-band) and other weak N band locates in UV–Visible spectrum. The k-spectra 
show a tendency to zero and ZnTPyP films becomes transparent at the near-infrared spec-
trum. The annealing temperature effects on the intensity of k-spectrum but did not change 
the positions of these peaks.

3.5  Spectral dispersion parameters

The optical dispersion parameters can be extracted from the n spectrum in the normal dis-
persion region. Wemple and DiDomenico proposed the formula based on a single oscillator 
model used to determine the dispersion parameters through the following relation (Wemple 
and DiDomenico 1971; Radwan et al. 2016)

where Eo is the oscillator energy, Ed is the dispersion energy and hv is the photon energy. 
Figure 6 shows the relationship of (n2-1)−1 versus a squared photon energy (hv)2 for as-
deposited and annealed ZnTPyP films. The values of Eo and Ed are determined from the 
slope and intercept of the straight line with (n2-1)−1 axis. In addition, the dielectric con-
stant at high wavelength ε∞ can be calculated from extrapolating the linear portion with 
the ordinate axis by considering that ε∞ = n2 at hv = 0. The calculated values of Ed, Eo, 
and ε∞ were tabulated in Table 1. The thermal annealing decreases the values of Ed, Eo 
and ε∞. Inspection of reported results (El-Nahass et al. 2014, 2010; Makhlouf et al. 2019; 
Zeyada et al. 2016) in Table 1 with the obtained values of dispersion parameters for ZnT-
PyP films, it can show the present values are close to the values obtained from the litera-
ture of porphyrins. The variations in the magnitudes of dispersion parameters for porphyrin 
compounds are strongly related to the functionalization of porphyrins via various metals 
substitutes or different functional groups.

(4)(n2 − 1)−1 =
Eo

Ed

−
1

EoEd

(hv)2

Fig. 6  Plot of  (n2−1)−1 versus 
(hv)2 at different annealing 
temperatures
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3.6  Dielectric characterization

The dielectric constant relates the electronic transitions between the bands to the intrinsic 
property of the material which can supply us valuable data about the band structure of the 
material. Besides, the polarizability of the material is dependent on the value of dielectric con-
stant which acts on the nonlinear optical features of the material. The dielectric constant ε* is a 
complex quantity involved real term ε1 and imaginary term ε2 which can be identified in terms 
of optical constants (n and k) based on the following relations (Palik 1998):

where ε1 and ε2 are given byto determine the dispersion

Figure 7 depicts plots of ε1 and ε2 spectra against the photon energy (hv). The magnitudes 
of ε1 are greater than the magnetudes of ε2 over the investigated range of photon energy. The 
positions of peaks in the spectra indicate to the electronic transitions and the optical band gap 
of the material. The thermal pretreatment ZnTPyP films exhibited a decrease in the values of 
ε1 and ε2 relative to the pristine ZnTPyP film which is related to the variations of n and k val-
ues with that annealing temperature.

The ε1 relates to λ in the non-absorbing region (k = 0) by the relation (Palik 1998; Emara 
et al. 2019)

where �L is the lattice dielectric constant, (N∕m∗) is the ratio of the carrier concentration to 
the effective mass, e is the charge of, εo is the dielectric constant of free space, and c is the 
speed of light in space. A plot of �1 versus �2 in the normal dispersion region is illustrated 
in Fig. 8. It is clear that the relation between �1 versus �2 is a linear portion at higher wave-
lengths which can utilize based on Eq. (8) to determine values of (N∕m∗) and �L directly 
from the slope and intersection of the obtained linear relationship. The values of �L and 

(5)�
∗ = �1 + i�2

(6)�1 = n2 − k2

(7)�2 = 2nk

(8)�1 = �L −
e2

4�2�oc
2

(

N

m∗

)

�
2

Table 1  Optical constants and dispersion parameters of ZnTPyP thin films compared with other porphyrin 
compounds

Thin film structure Eo (eV) Ed (eV) �∞ �
l

N/m*  (kg−1  m−3) References

ZnTPyP 3.57 9.44 3.65 4.48 2.3 ×  1056 The present work
ZnTPyP at 373 K 3.12 7.65 3.45 4.39 2.5 ×  1056 The present work
ZnTPyP at 473 K 2.73 6.28 3.32 4.11 2.8 ×  1056 The present work
ZnTPyP at 523 K 2.48 5.18 3.09 3.86 2.9 ×  1056 The present work
H2TPyP 2.89 12.96 5.62 6.11 1.34 ×  1056 El-Nahass et al. (2010)
ZnTPP 3.57 12.17 4.18 4.13 7.6 ×  1056 Zeyada et al. (2016)
FeTPPCl 2.68 7.52 3.82 4.15 7.72 ×  1056 EL-Nahass 

et al. (2010)
CuTPP 2.26 7.57 4.32 4.40 1.9 ×  1056 El-Nahass et al. (2014)
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N/m* for the pristine and pre-treatment ZnTPyP films are listed in Table1. Comparable to 
obtained values of �L and �∞ with that reported for porphyrins, it was seen that 𝜀L > 𝜀∞ 
was attributed to the contribution of free carriers and/or vibrational lattice (El-Nahass et al. 
2014, 2010; Makhlouf et al. 2019; Radwan et al. 2016; Zeyada et al. 2016).

3.7  Complex optical conductivity

The complex optical conductivity (σ*  = σ1 + iσ2) can be derived from the complex dielec-
tric constant (ɛ*  = ɛ1 + iɛ2) by the relations (El-Nahass et al. 2015)

(9)�1 = ��0�2

(10)�2 = ��0�1

Fig. 7  Real and imaginary 
dielectric constants (ɛ1 & ɛ2) 
versus photon energy (hv)
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where σ1 and σ2 describe the real and imaginary terms of σ*. Figure 9 depicts the σ1 and σ2 
versus the photon energy for pristine and annealed ZnTPyP films. As can be concluded 
from the figure, the behavior of σ1 is the same trend of ε2 spectrum, whereas the behav-
ior of σ2 follows the same trend of ε1. Particularly, while the annealing temperature 
increases, values of both σ1 and σ2 decrease. Also, it shows a tendency to lowest values for 
σ1 and σ2 for overall light energies less than the energy band gap of ZnTPyP.

3.8  Energy loss functions

The inelastic scattering processes take place within the material during the electronic trans-
port process which results in loss of a portion of photon energy. This loss of energy may 
reduce the performance of optoelectronic devices fabricated based on this material. There-
fore, the losses of energy parameters are investigated in the present study. The dissipated 
energy produces due to an inelastic scattering in the sample can be expressed in terms 
of volume and surface energy loss functions (Makhlouf et  al. 2019; Emara et  al. 2019). 
If electron moves inside the material, the loss of energy can be expressed as the volume 
energy loss function, VELF,

Similarly, if electron moves on the surface of the material. The loss of energy is 
expressed as the surface energy loss function, SELF,

Figure 10 shows the spectral distribution of SELF and VELF versus the incident photon 
energy for TPyP films. The spectrum of VELF is higher than that for SELF caused due to 
the energy loss of the free electron suffers from inelastic collisions within the sample more 
than that at its surface (El-Nahass et al. 2014; Zeyada et al. 2016). Both SELF and VELF 

(11)VELF =
�2

�
2
1
+ �

2
2

(12)SELF =
�2

(�1 + 1)2 + �
2
2

Fig. 8  Plot of  n2 versus λ2 at dif-
ferent temperatures
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have the same behavior but the values of SELF are lower than the values of VELF. The 
annealing temperature at 373 K reduces spectra of SELF and VELF, while more annealing 
temperature up to 23 K enhances significantly values of theses energy loss functions.

3.9  Absorption coefficient, Optical band gap and Urbach energy

The absorption coefficient (α) is one of the important optical parameters used to evaluate the 
optical energy gap and the ability of a material to harvest the light at a certain wavelength 
(Kurt and Demirelli 2010). The values of α are calculated from T and R according to Eq. (3). 
The spectral distribution of α versus photon energy (hv) for ZnTPyP films is depicted in 
Fig. 11. The spectral behavior of α is a similar character to that of the absorbance. The mag-
nitudes of α are in the order of  107  m−1 which indicate to the ZnTPyP films possess the high 
light-harvesting capacity in the UV–visible spectrum. The high intensity of two peaks of  Bx 
and  By peaks was detected at 2.85 and 2.71 eV, respectively. The Davydov splitting energy 
between two peaks of B (∆D) is 0.14 eV. When the films are annealed to 373 K, the value of 
∆D increased to 0.36 eV and the position of  Bx and  By changed to 3.07 and 2.70, respectively. 

Fig.9  Real and imaginary optical 
conductivity (σ1 & σ2) versus 
photon energy (hv)
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Fig. 10  Surface and volume 
energy loss functions versus 
photon energy (hv)

Fig. 11  Absorption coefficient 
(α) versus photon energy (hv) 
and the inset is the plot of ln(α) 
versus hv
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With increasing of the annealing temperature up to 523 K, the B band distorted and the two 
peaks of  Bx and  By bands disappeared. The two peaks of Q-bands located at 2.17 and 2.04, 
eV in the visible spectrum. The peak of N band observed at 3.86 eV in the UV region. These 
different peaks are evidence that there are multiple electronic transitions between LUMOs and 
HUMOs states in ZnTPyP material. The annealing temperature changes only intensities of 
N, B and Q bands and this behavior were detected in many porphyrins spectra (Zeyada et al. 
2015; EL-Nahass, Elesh 2020).

The absorption coefficient tail of most amorphous semiconductors varies exponentially 
with the photon energy at hv < Eg. This absorption tail called Urbach tail and is accompanied 
by localized states (Martienssen 1957). The behavior of the Urbach tail obeys the empirical 
formula called Urbach–Martienssen rule (Martienssen 1957; Urbach 1953):

where BA is a constant, EU is the Urbach’s energy characterized the width of tail of the 
localized states in the optical gap. The EU depends on lattice vibronic, degree of crys-
tallinty and rate of disorder for the material (Radwan et  al. 2016). The inset of Fig.  11 
exhibits the relation between ln(α) and hv at α <  103  m−1. The value of  EU is determined 
from the slope of the straight line. The values of EU are tabulated in Table 2. The values of 
EU increase with the increase of annealing temperature.

The investigation of α spectrum edges below the absorption bands is necessary to deter-
mine the optical energy gap (Eg) and the type of transitions for semiconductors. The behavior 
of α due to inter-band transition near these absorption edges can be explored by the Tauc rela-
tion (Tauc 1974).

(13)� = BA exp

(

hv

EU

)

Table 2  Optical band gap and Urbach energies for pristine and annealed ZnTPyP thin films compared with 
other porphyrin compounds

Absorption 
edge

Q-bands Soret (B) 
band

Thin film Eg
onset (eV) Eg

opt1 (eV) Eg
opt2 (eV) Eg

opt3 (eV) Eg
opt4 (eV) EU(eV) Reference

ZnTPyP 1.81 1.99 – – 2.52 0.075 The present 
work

ZnTPyP at 
373 K

1.89 2.02 – – 2.55 0.084 The present 
work

ZnTPyP at 
473 K

1.85 2.00 – – 2.50 0.191 The present 
work

ZnTPyP at 
523 K

1.85 2.01 – – 2.43 0.231 The present 
work

H2TPyP 1.78 2.00 2.13 2.25 2.50 0.361 El-Nahass 
et al. 
2010)

ZnTPP 1.89 – – – 2.35 – Zeyada 
et al. 
(2016)

FeTPPCl 1.5 1.83 2.00 – 2.48 – El-Nahass 
et al. 
(2010)

NiTPP 1.93 2.08 2.14 – 2.58 – El-Nahass 
et al. 
(2014)
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where is Ao is a constant and m is the exponent power that determines the type of electronic 
transitions determines the type of optical band transition. Equation (13) defines direct or 
indirect allowed transitions for m = 1/2 or 2, respectively. While m = 3/2 or 3 for direct or 
indirect forbidden transitions, respectively. The (�hv)m is plot against the photon energy 
(hv) at different possible values of m = 2, 2/3, 1/2 and 1/3 for all different ZnTPyP films. 
The best fit plot was seen at m = 2 which indicates the indirect allowed transitions for all 
ZnTPyP films as shown in Fig. 12. The extrapolation of a straight line for edge to intercept 
hv-axis can give the value optical band-gap. The value of Eg for each electronic transition 
is calculated via the extrapolation of a straight line for the absorption edge to intercept with 
the abscissa axis (hv-axis) at (�hv)1∕2 = 0 . The values of the onset energy gap and optical 
energies gaps correspond to optical band transitions are tabulated in Table 2. The values 
of  Eg of the annealed films are larger than that for pristine films due to the blue shift of the 
absorption spectrum takes place with the increase of annealing temperature. It was also 
observed that the obtained values in the present work are near to the values of different 
porphyrins in literature (El-Nahass et al. 2014, 2012; Makhlouf et al. 2019; Zeyada et al. 
2015). The value of Eg of  H2TPyP film is different from the value of ZnTPyP film. The 
main reason for this results from the introduction of Zn ion into the center cavity of the 
ZnTPyP macrocycle creates a metal d-band between π and π* orbitals. This increases π–π* 
energy separation which causes blue shift for the electronic bands.

4  Conclusion

Thermal evaporation method is utilized to prepare uniform thin films of ZnTPyP of thick-
ness 270  nm. X-ray analysis is used to identify the crystal structure of the pristine and 
annealed ZnTPyP thin films. Values of T and R for pristine and annealed films were meas-
ured in the spectral range of 200–2000  nm and from which optical constants (n and k) 
can be calculated. The absorption spectrum of the pristine and annealed films exhibits the 
two weak quasi-electronic bands named Q-bands located at visible spectrum, high intense 

(14)�hv = Ao(hv − E
g
)m

Fig. 12  Plot of (αhv)1/2 versus 
photon energy (hv) at different 
temperatures
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named Soret (B) band around UV–visible spectrum and other weak N-band located at 
UV spectrum. The spectral behavior of n shows two region: anomalous dispersion region 
at λ < 780  nm which characterizes with multiple peaks and normal dispersion region at 
λ ≥ 780  nm in which a single oscillator model is applied to extract different dispersion 
parameters such as Ed, Eo, ε∞, εL and N/m*.

The analysis of absorption band edges of absorption coefficient showed the type of elec-
tronic transitions is indirect allowed for all films and the values of  Eg is 1.81 and 1.8 eV for 
pristine and annealed (at 523 K) ZnTPyP films indirect allowed, respectively. The Urbach 
energy tail EU increases from 0.075 to 0.231  eV with the annealing temperature up to 
523 K. In addition to values of ɛ1, ɛ2, σ1, σ2, VELF and SELF functions were also deter-
mined. The thermal annealing-induced changes in optical properties, spectral dispersion 
features and energy loss functions of ZnTPyP thin films could be considered in design the 
optoelectronic devices based on ZnTPyP films.
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