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In the present investigation, the nanostructure of porphyrin palladium(Il) complex thin films was fab-
ricated by low-cost conventional thermal analysis. The experimental and simulation investigations were
used for the analysis of the structure and the unique optical characteristics for optoelectronic applications.
The simulation processes using TD-DFT/ B3LYP were implemented to extract the distinguished geometry
optimizations and other related parameters. The quantum theory of atoms in molecules (QTAIM) was ad-
ditionally applied for the studied complexes to evaluate their peculiar electronic features. An indexation
of XRD was performed to give a full identification of the crystal structure and supported by the results
of transmission electron microscopy images. The investigation of the surface morphology and its quality
for the optical applications was established using the atomic force microscopy, AFM supported surface
topography mapping images. The optical properties confirm two main direct transitions with determined
band gaps of 2.31 and 2.98 eV. The experimental optical gap was comparable with those theoretically
extracted using DFT. The characteristics of the current density-voltage measurements verified rectifica-
tion in the dark and under different values of illuminations. The device showed remarkable rectification
characteristics with good responsitivity under illumination conditions. The maximum external quantum

efficiency of 9.8% was obtained and compared to other organic-based devices.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Recently, there has been a renewed interest in the molecular
materials that are essential for a wide range of technologies due
to the characteristics of outstanding photonic response, rapid re-
sponse interval, and easy operation for manufacturing optoelec-
tronic devices [1-2]. Porphyrin dyes are a class of macrocycles con-
sisting of four pyrrole units associated with methine bridges. The
extremely m-conjugated system gives strong absorption in both ul-
traviolet and visible regions of the optical spectrum, great exciton
diffusion length, facile molecular structure alteration [3]. The metal
complexes of these structures were introduced in a large num-
ber of electronic and transport devices for various photonic and
electronic applications [4]. The transition metalloporphyrin com-
plexes have established comprehensive applications in various field
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of pharmaceutical agents, spectroscopy, chromatography, catalysts,
sensor assembly, efficient photo converters, non-linear optics, op-
toelectronics, and smart materials [5,6].

The hybrid organic-inorganic structures represent an advanced
alternative to design new materials as well as provides an en-
hancement for the development of pioneering manufacturing ap-
plications [7,8]. Numerous organic-inorganic hybrid -based por-
phyrin derivatives material based on Si substrate were previously
studied [9-12]. El-Nahass et al. [9] have studied the current-
voltage and capacitance-voltage as well as photovoltaic character-
istics of Au/tetraphenylporphyrin (TPP)/n-type silicon heterojunc-
tion. Also, El-Nahass et al. [10] have considered the influence of
both X-ray irradiation in the air on the characteristics of one of
the metal substituted porphyrin (i.e. iron (Il) chloride tetraphenyl
porphyrin) films. Moreover, El-Nahass et al. [11] have studied the
hybrid heterojunction cell of iron (III) chloride tetraphenyl por-
phyrin on p-type silicon. They recorded a rectification behavior
and investigated the predominant conduction mechanisms and ex-
tracted some diode parameters. Cudia et al. [12] have presented an
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experimental investigation of the preparation and electronic char-
acteristics of multilayer Zn-tetra-phenyl-porphyrin films on silicon
substrates. They also confirmed the adequate structure of the pro-
posed electronic spectrum. Zhang et al. [13] have investigated the
fluorescence properties of the self-assembled ZnTPP monomers by
scanning tunneling microscopy for assisting the scheming of the
functional molecular optoelectronic devices. Furthermore, Balanay
and Kim [14] have applied the theoretical calculations (i.e. DFT and
TD-DFT) to porphyrin complexes (ZnTPP complexes) to obtain an
efficient design of sensitizer in the application of one of the solar-
type (i.e. dye-sensitized cells). They concluded that the efficiency
of the obtained cells improves depending on the 7 — conjugating
properties and the capability of the electron-withdrawing of the
substituents.

To best of our information, there are very few investigations
of the experimental and theoretical of PaOEP thin films and their
application for the optoelectronic devices have been carried out.
Hence, the present work deals with the performance of PaOEP thin
films supported by the geometrical and electronic structures by
DFT theory at the B3LYB/SDD level. The main objective includes
the preparation of the PaOEP thin films by low-cost conventional
thermal evaporation method and diagnosis of the morphology and
crystallinity using various technical methods. Also, the experimen-
tal measurements comprise the optical and electronic characteris-
tics of the PaOEP thin films- based devices. The present descrip-
tions contain three main parts: The first one involves the inten-
sive study of the morphology and crystal structure of the prepared
films, while part two includes DFT-theoretical calculations for in-
vestigating the optimized geometries and the role of the polarity
of the desired solvents on the probable electronic transitions. The
third part covers the electronic characteristics of the PaOEP thin
film-device-based hybrid heterojunction characteristics and its sen-
sitivity under influence of illumination for checking the capability
of the device for the application as a photodiode.

2. Experimental
2.1. Thin-film and device preparation

The powder of 2,3,7,8,12,13,17,18- Octaethyl-21H,23H-porphine
palladium(Il) (Dye content 85.0%, Empirical Formula, C3gHg4N4Pd,
Molecular Weight 639.18) was purchased from Sigma- Aldrich
(Merck) company, UK. PaOEP thin films were prepared using ther-
mal evaporation technology, type Edward 306 Auto, Edwards Co.,
England) under a vacuum pressure of 10~4 Pa. Various types of
pre-cleaned substrates include glass (appropriate for the structural
characterization), corning glass (suitable for the optical character-
ization), and p-Si substrates (convenient for the device applica-
tions). The film thickness, homogeneity, and smoothness were con-
trolled through the preparation processes. The quartz crystal mon-
itor type Edwards FTM6 was used to control the rate of deposition
through the preparation process (5 nm/s) and consequently the
film thickness is about 300 nm. Rotating of the substrates through
the deposition process enhances the homogeneity and the smooth-
ing of the deposited films. To prepare the device, a good etching
and cleaning of the p-Si substrate were performed using the main
procedure detailed in the literature [15]. The ohmic contact on the
p-Si backside was done by depositing In-film as a back contact
electrode followed by the front contact by depositing a thin layer
of Au on the PaOEP thin film.

2.2. characterizations methods
The structure characterization of the PaOEP samples was em-

ployed by using the SEM, type JEOL-JSM-636 OLA, for checking the
morphology of the surface and its roughness characterization. The
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crystalline structure was considered by using TEM, type FEI TEC-
NAI G20 working at 200 kV. The crystallinity properties of PaOEP
samples were engaged by using Shimadzu XRD 7000 with a copper
target, Acuke = 0.15406 nm, and nickel target. The applied voltage
of the XRD instrument is 30 kV with a current of 30 mA and a
scan rate of 2°/min for covering the scan range of 4-90°

The spectra of the photoluminescence, PL of the samples were
achieved by using PL spectrometer type RF-5301.

The spectral dependence of the absorption of the prepared sam-
ples was investigated using a spectrophotometer, type JASCO 670.

The electrical characteristics of the device, represented as
current-voltage properties were examined by a full-computerized
Keithly 2635 A. The devices were illuminated by various light in-
tensities at room temperature (i.e. 300 K) and measured by type
TM-306, solar power meter instrument.

2.3. Computational method

The full geometry optimizations of PaOEP were supported by
using B3LYP at the SDD level [16-18] and LANL2DZ level [19-
22]. The localization of the frontier orbitals was also considered.
All computations were achieved using Gaussian 09 W software
package [23] supported by the visualization using GaussView 5.0.9
[24] and/or chem craft 1.6 [25]. Besides, FT-IR-vibrational spec-
trum assignments of PaOEP based on the computationally pre-
dicted were investigated. Also, the geometrical properties and the
expected absorption spectra of the structure in various solvents
were calculated by CAM-B3LYP at LANL2DZ [26]. The topological
analysis of the electron density distribution function r(r) at the
Bader's level of a quantum theory of atoms in molecules (QTAIM)
[27], was achieved for the optimized structures of PaOEP structure.
The energies of the coordination Pd-N bonds was calculated using
the Espinosa equation as follows [28]:

E=0.5v(r), (1)

where E is the bond energy (a.u.) and vu(r) is the potential en-
ergy density (a.u.) at the corresponding (3,—1) critical point [27].
The above relationship is broadly used for the energy estimation
of different types of hydrogen van der Waals, coordination, and
homopolar bonds [28]. The usage of the Bader method makes it
possible to describe qualitatively the chemical bond nature based
on the signs and values of the electron density Laplacian V2p(r)
and of the electron energy density he(r) at the corresponding (3,
—1) bond critical point using the following conditions [27,29]:

(1) V2p(r) < 0 and he(r) < 0 indicate the shared interactions, i.e.
weakly polar and nonpolar covalent bonds;

(2) V2p(r) > 0 and he(r) < 0 indicate the intermediate interactions,
which include strong hydrogen bonds and most of the coordi-
nation bonds;

(3) V2p(r) > 0 and he(r) > 0 indicate the closed-shell interactions
such as weak hydrogen bonds, van der Waals interactions, and
ionic bonds.

The binding energy (BE) of a metal cation Pd to the OEP based
ligand was also calculated by the following equation in the frame-
work of the DFT/B3LYP additive scheme in a gas phase:

BE = E(Pd — OEP complex) — [E(Pd*?) + E(OEP - ligand)] ~ (2)

Counterpoise (CP) corrections were applied to all binding en-
ergy values to avoid basis set superposition errors (BSSEs) [30].
The QTAIM calculations have been carried out using the AIM All
program package [31].
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Fig. 1. Optimized geometry, numbering system, bond lengths, bond angles, dihedral angle and vector of dipole moment for 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine

palladium(Il) using B3LYP/ LANL2DZ.

3. Results and discussion
3.1. Molecular orbital calculations

3.1.1. Geometrical parameters

The theoretical calculations using DFT and TD-DFT calculations
were used for modeling the PaOEP structure, for an efficient sensor
design of dye-sensitive solar cells. For the calculating of the PaOEP
geometry and other related parameters, the simulation processes
were achieved by using the hybrid function/LANL2DZ. Moreover,
the charge separation is important attention for consideration due
to its controlling the efficiency of the solar cell [32,33].

Fig. 1 presents the optimized geometry and most of the related
parameters of the PaOEP using the B3LYB/SDD level. The analysis of
Fig. (1) shows that: In the studied structure, Pd metal forms asym-
metric bonds with N4, N9, N17, and N23 to create a complex. The
coordinate covalent bond length between the Pd metal ion and the
free dye (M-N) is very long compared to the typical bond length of
M-L(i.e.metal-ligand) [34]. The very long M-N bonds indicate the
ionic nature of these bonds. The calculated bond angles between
the Pd metal ion and the binding sites in the coordination system,
shown in Fig. 1 are found to be 90° that consistent well with those
published experimental results of a similar structure [35]. The cal-
culated dihedral angles around Pd*2 in the structure of PaOEP are
near to 0° or indicates that the metal ion is located at the same
level as the donation sites.

3.1.2. Ground-state properties and global reactivity descriptors

Fig. 2 shows the HOMO-LUMO energy gap value of the PaOEP
structure obtained using B3LYB/SDD and B3LYP/ LANL2DZ. All
the main extracted parameters were tabulated and listed in
Table 1. The scaling factors were extracted and the calculated
value of ZPVE and the total entropy were found to be 449.45552,
450.45624 kcal.mol~!, and 243.982, 242.992 cal/mol. K, respec-
tively, and scheduled in Table 1. The HOMO- LUMO energy gap was
calculated by B3LYP |/ SDD, B3LYP/ LANL2DZ, and found to be 3.057,
3.052 eV, and shown in Fig. 2. While HOMO' s is mr orbitals local-
ized above Pd-metal ion, LUMO: s is 7r* orbitals localized over the
porphyrin rings. The HOMO-LUMO energy gap of the porphyrin

Table 1
The optimized calculations of PaOEP structure at the B3LYP/SDD and B3LYP/
LANL2DZ.

Parameters Values
Total Energy,(Et) -1745.1711
Zero Point Vibrational Energy 449.45552
0.08107
Rotational constant 0.08058
0.04199
Total Entropy 243,982
Translational 44.356
Rotational 37.551
Vibrational 162.075
Energy of the highest occupied molecular orbital (Egomo) -5.062192
Energy of the lowest unoccupied molecular orbital (Ejymo)  —2.005456
Energy Gap,(Eg) 3.056736
Dipole moment, (1) 0.4039
I(eV) 5.062192
A(eV) 2.005456
X(eV) 3.533824
V(ev-1) —3.533824
n(eV) 1.528368
S(ev-1) 0.327146
 (eV) 4.085375

ring may be lower under the influence of Pd-metal ion and oc-
taethyl groups. This indicates that the intensity of the state may
be less abundant close to the Fermi levels

The results of the small n value of PaOEP reveals the charge-
carrying capability of octa-ethylprophene groups, with an apor-
phine ring. While its chemical softness (S) shows the reveres ten-
dency, tabulated in Table 1. According to the n values, the higher
the n values, the harder the molecule and vice versa. Accordingly,
the charge transfer follows more easily in the dye complex. The
results show that a decrease of electronegativity (x) due to the
increasing of CT within the molecules. Moreover, the lower en-
ergy gap of PaOEP indicates an easier probability for electron trans-
fer between the energy levels. Accordingly, the respective chemical
hardness (1) is low while the electrophilicity(w) is found to be
high.
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Fig. 2. HOMO, LUMO maps, energy gap of 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine palladium(II) using B3LYP/ LANL2DZ.

ESP

MEP

Fig. 3. ESP and 3D-MEP for 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine palladium(Il) using B3LYP/ LANL2DZ.

3.1.3. Molecular electrostatic potential (MEP)calculation

The MEP contours have been briefly defined as a guide to un-
derstanding and expecting molecular performance [36-40]. It has
proved to be a beneficial appliance in the study of electrophilic
and nuclear procedures [36,41]. The color scheme of the MEP sur-
face can be explained as follows: the cloud of red denotes the par-
tially negative charge. Besides, the blue for expressing the lack of
an electron. While the partially positive charge is indicated by the
light blue. The slight electron deficiency was expressed by the yel-
low color. The slightly electron-rich region expresses the neutral
green. Fig. 3 illustrates the MEP profiles of the PaOEP structure.
The blue cloud indicates the intensity of the high positive poten-
tial that is influenced by the adding of the metal (Pd). The high
positive potential is significantly grown in the octaethyl porphine
region. The red cloud indicates the negative potential and confirms
that the MEPs of the dye are influenced by the adding of the oc-
taethyl groups. The low negative was significantly grown in the re-
gion of octaethyl sets. This means that the PaOEP body is more
qualified for nucleophilic processes than those of the electrophilic.
It turns out that the delocalization of the negative charge near the
octaethyl groups participating in the supreme PV performance of
PaOEP.

3.1.4. Charges population analysis

The description of the charges distribution and its related pa-
rameters and Lewis and non-total Lewis are tabulated in Table 2(a)
and (b). The utmost electronegative charges of —0.52985, —0.53110,
—0.53160, —0.53043, and —0.58160 are grouped into the N4, N9,
N17, N23, and Pd-atoms. These electrostatic atoms in the coordi-
nation field are inclined to contribute the electrons to the central

Pdt2. Moreover, normal population examination exhibited that 334
electrons in the PaOEP are dispersed over sub-shells.

According to NBO analysis, Table 2(a) shows up that the struc-
ture of the valence orbital of Pd is characterized by 4d5s. Regard-
ing the core electrons, Table 2(b) shows that LANL2DZ provides
approximately 88 electrons regardless of the structure of the lig-
and. Whereas the Rydberg orbitals (5p5d6p), account for the more
extended bits of the base’s functions used including polarization
functions electrons. Their occupancies within the complexes are
low and constant with 0.64 electrons except for the Pd atom that
does not display any value. We can assume that the Rydberg elec-
trons are certainly related to the presence of ligands. Almost the
same remark concerns the valence electrons where only the Pd
atom displays 9.40 electrons while all complexes show almost 7.42
electrons. Regarding the total electrons in palladium atom that is
45 when it is isolated. Consequently, we can admit that these re-
sults tend to highlight the electron donor’s strength of the OEP
ligand to Pd. The nominal charge of Pd in the PaOEP structure
complex is +2. So, the natural atomic charge that corresponds to
the difference between the nuclear charge of Pd (45) and its total
electron population in Table 2(b) within the complex is very low
(lower than +2) confirming a significant transfer of electron den-
sity from the ligands to Pd.

3.1.5. QTAIM analysis of pd -N interactions of paoep

Additional analysis of the nature of metallic bonding was per-
formed within the formalities of Bader’s theory [27] for PaOEP
structure. Table 4, lists the critical points of Pd-N bonds that
are characterized by positive values of Laplacian electron density
V2p(r) > 0 and negative values of electron energy density Cremer-
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Natural Charge, Natural Population, Natural population of Natural electronic Configuration of active sites of PAOEP at the B3LYP/ LANL2DZ.

Natural Natural Population
Atom No. Charge Natural electronic Configuration
Core Valence Rydberg Total
N4 -0.52985 1.999 5.512 0.0189 7.530 [core]25(1.33)2p(4.18)3p(0.02)
N9 -0.53110 1.999 5513 0.0189 7.531 [core]25(1.33)2p(4.18)3p(0.02)
N17 -0.53160 1.999 5514 0.0189 7.532 [core]25(1.33)2p(4.18)3p(0.02)
N23 -0.53043 1.999 5.512 0.0189 7.530 [core]25(1.33)2p(4.18)3p(0.02)
Pd -0.58160 35.99 9.405 0.02604 45.42 [core]4d(8.77)5p(0.24)65(0.39)5d(0.01)6d(0.01)
Table 2b
Total charge analysis of PaOEP structure at the B3LYP/ LANL2DZ.
Effective Core  Core Valence Lewis Total Lewis Valence non-Lewis Rydberg non-Lewis  Total non-Lewis
28.000000 87.95 209.989 325.94 7.42 0.64 (0.19% of 334) 8.05871(2.413% of 334)
(99.94% of 88) (96.33% of 218) (97.587% of 334) (2.220% of 334)
Table 3 Table 4

Bond length (d) and selected topological parameters of the
electron density distribution function p(r) of the Pd-N

bond.
Parameters Values
S(spin) 0
Bond Pd+2-N
d, A? 2.051
p(r), e x ap~3 9.701 x 102
u(r), a.u. -0.1550
g(r), a.u. 0.1400
he(r)?, a.u. -0.015
V2p(r), e x ap~> 0.5160
E, kcal mol-! -47.98
BEP, kcal mol-! 202.857
BEP", kcal mol~! 50.7141
BE€, kcal mol~! 206.045

he(r)* = v(r)+ g(r), where g(r) is the kinetic energy density
at the (3, _1) critical point; 1/4 V2p(r)= 2g(r)+ v(r). b BSSE
corrected. ¢ BSSE uncorrected binding energy of cations
to the OEP-ligand at 0 K calculated by the DFT/B3LYP/
LANL2DZ approach in a gas phase without zero-point en-
ergy (ZPE) correction; n is the number of the equivalent co-
ordination Pd-N bond (n=4 for complex PaOEP).

Kraka he(r) < 0 which permits us to ascribe Pd - N bonds to a mid-
way type of interaction. The degree of concentration of the elec-
tron density between the atoms defines the energy of the con-
sistent reactions. Accordingly, Pd2*-N bonds have higher binding
energy values that determine the greater stability of [Pd-(OEP)]>*+
in the ground single state. Generally, the binding energy (BE) val-
ues for “Pd - OEP” systems computed by the direct DFT method
correlate well with the QTAIM predictions. Though, the BE values
are considerably higher than the summation of the corresponding
Pd-N bond energies extracted from QTAIM analysis (Table 3) as de-
tected in the BE of s-block metal complexes [42]. These large dif-
ferences in binding energy were clarified by the numerous meth-
ods of calculating BE. In the case of the DFT method, the disso-
lution energy is ignored (the calculation of the melt energy allows
the BE to be reduced [43]) but it needs a lot of computational time,
so these calculations have not been implemented in the present
work). In contrast, the estimation of the complex energy by Bader’s
algorithm is based on the computation of the energy density po-
tential at the critical point of the corresponding bond (3, 1). In this
case, the melt energy has a negligible contribution, since the val-
ues of v (r) are slightly dependent on the dissolution effect.

3.2. Morphology and crystalline characteristics

The surface morphology of the material is a significant feature
and plays an imperative role in determining the mechanical, ther-

Total static dipole moment (u), the mean polarizability
(<ee>), the anisotropy of the polarizability (Aa), and the
mean first-order hyperpolarizability (<f>), of PaOEP struc-

ture.

Property Values

Hx, D 0.2930

Ry, D —0.0959
Hz, D -0.2610
1, Debye 2 0.4039
oxx, a.u. —224.7247
oxy, a.U. —0.0055
Oyy, a.u. —224.8875
07z, a.U. —269.3587
Olyz, a.u. -0.0144
olxz, a.u. —3.4031
<a> x 1074 esu 44213
Aa x 1072 esu 51.350
Bxxx, a.u. 3.8706
Bxxy, a.u. 0.1005
Bxyy, a.u. 1.2178
Byyy, a.u. -0.2834
Bxxz, a.u. 5.2011
Bxyz, a.u. 0.0639
Byyz, a.u. 8.7926
PBxzz, a.u. —0.0043
Byzz, a.u. —-0.0419
PBzzz, a.u. 1.8404
<B> x 10730 esuP 3.5861

a, b Urea equal (1.3197D, 0.1947esu) results are taken from
references [28].

mal, optical, and electrical properties of materials used in many
modern technologies like optoelectronic [44]. The key topographic
parameters like film surface roughness, crystallinity, particle size,
surface porosity, are used for controlling the optoelectronic ap-
plications [45]. The top view of the surface topography of PaOEP
was investigated by atomic force microscopy, AFM as shown in
Fig. 4(a). This figure shows that the surface is heavily coated by
PaOEP and the distributed particles of different shapes with diverse
sizes. Moreover, the observed grain sizes all over the surface have
a distinctive nano-scaled with a corrugated morphological char-
acteristic. In Fig. 4(b) typical profiles, before (dark line) and after
(gray line) filtration procedure, are shown. The line profile, shown
in Fig. 4(b), clarifies a roughness distribution of PaOEP with an av-
erage root mean square, Ryys of 15 nm. Belfedal et al. [46] have
concluded that the surface roughness of the materials is correlated
to the microstructure of crystalline grains and indicated that the
thickness of the film affects the surface roughness using the opti-
cal reflectance measurements. The 3-D AFM image of 5 x 5 um?
sizes is shown in Fig. 4(c). Moreover, the histogram of the grain
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size distribution of PaOEP, shown in Fig. 4(d) specifies an average
grain size of 100 nm.

The crystallinity characterization of PaOEP samples was also
tested using the TEM micrograph. Fig. 5(a)-(c) shows a TEM mi-
crograph with different magnifications. A well-crystal with a def-
inite structure was obtained with an average crystallite size of
60-80 nm. The selected area electron diffraction, SAED of PaOEP,

shown in Fig. 5(d), confirms a typical ring pattern of a polycrys-
talline nature of the prepared films.

The crystallization of PaOEP samples is also studied by using
the XRD technique. The XRD pattern is shown in Fig. 6(a). The
figure illustrates certain diffraction peaks emphasizing a polycrys-
talline nature. The obtained result agrees with those obtained from
the TEM results. The diffraction pattern was indexed by utilizing
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Table 5
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Experimental and computational calculated of FTIR analysis of PaOEP at the B3LYP/ LANL2DZ.

Wave number IR Intensity

No. Assigments References
un-scaled scaled Rel. Abs. 8

1 3131 3009 21.83 12.84 v C-H aromatic [29]

2 3043 2925 26.22 16.72 v C-H aliphatic [29]

3 1538 1479 88.16 42.26 v C=Nand 8 C=C (in ring) [29]

4 730 701 78.57 5236 v (M-N) [30]

v (Stretching); v,(Symmetric stretching); vs(Asymmetric stretching); 8 (In plane bending).

the Rietveld refinement program reinforced by a pseudo-Voigt pro-
file [47] for obtaining the best fitting peak simulation. Accordingly,
the lattice constants were considered and found to be a = 8.126 A,
b = 9.626 A, ¢ = 16.547 A, 0=78.66°, $=82.918°, y=65.153° with
the triclinic system, shown in Fig. 6(b). The main crystal struc-
ture parameters like the microstrain and the mean crystallite size,
were evaluated using the slope and intercept through the plot of
Bcosh vs. 4sinf (i.e.Williamson -Hall plot) [48], shown in Fig. 6(c).
The linear fitting of the plot supports the homogeneity of the
crystalline planes with uniform deformation. The extracted aver-
age crystallite size and microstrain are found to be 61.39 nm and
5.27 x 1073, respectively.

3.3. Non-linear optical calculations

Polarization characterizes the interaction of the structure under
the influence of the applied field and is used for the determination
of some important parameters listed in the literature [49,50]. The
importance of linear polarization and first-order hyperpolarization
are the basis for most applications [51]. The total static dipole mo-
ment, |1, the mean polarizability, <a>, the anisotropy of the polariz-
ability, Ao, and the mean first-order hyperpolarizability, <> were
extracted using B3LYP/SDD, B3LYP/ LANL2DZ and listed in Table 5.
Urea is an accurately selected reference due to the leakage of the
available applied data of PaOEP [52,53].

3.4. Vibration assignments of PaOEP structure

The vibration frequencies calculated at B3LYP/SDD, B3LYP/
LANL2DZ, and the related assignments using the FT-IR spectrum
of PaOEP are listed in Fig. 7 and Table 6. The determined scale
factor was determined and found to be 0.9613 at B3LYP/SDD ba-
sis set. The detailed assignments of PaOEP can be accomplished
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Fig. 7. Calculated IR spectra for PaOEP using B3LYP/ LANL2DZ.
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Fig. 9. Electronic absorption spectra of PaOEP using B3LYP/ SDD.

as follows: the stretching vibration of C-H (aromatic) are detected
at 3000-3100 cm~! [54] while the calculated vibration is found
at 3131, 3130 cm~! and assigned to aromatic stretching vibrations
C-H aromatic stretching vibrations. The computed band at 2925,
2927 cm~! is assigned to symmetric C-H aliphatic stretching vi-
bration in CHs. The vibration at 1480-1630 cm~! is assigned to the
C = C vibrations [38]. The vibrations at 1538, 1536 cm~! and 1479,
1781 cm~! are assigned to stretching vibration of C= Cand C = N.
Finally, the bands at 730, 732, and 701, 705 cm~! are allocated to
v (M-N) stretching frequencies [55].

3.5. Photoluminescence (PL)characterization

The spectrum of PL of the studied structure was achieved uti-
lizing 350 nm for the applied excitation wavelength. The emis-
sion spectrum is shown in Fig. 8. The figure confirms certain
distinct characterized emission peaks in the visible region cen-
tered at 591.5, 638.2, and 696.6 nm. The main emission peaks
recorded at 638.2 and 696.6 nm agree with those published for
most porphyrins and their derivatives [56-58]. These peaks can
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Table 6
Computed excitation energies (in eV),and absorption parameters of the PaOEP in vacuum computed at the CAM- B3LYP/ LANL2DZ level of theory.
Excitation Type of Oscillator
Medium Transition energies transition Amax/nm strengths (f) Configuration composition corresponding transition orbital
Gas phase 5 2.22 n-m* 560 0.0217 0.44 (152 ->155); 0.55(153 ->154)
6 2.46 n-m* 503 0.0202 —0.44 (152 ->154); 0.54(153 ->155)
20 3.58 - 347 1.0091 0.12 (147 ->154); —0.11(149 ->155); 0.52(152 ->154);
0.44(153 ->155)
Acetone 5 2.24 n-m* 553 0.0271 0.19 (152 ->154); 0.39(152 ->155); —0.50(153 ->154);
0.24(153 ->155)
6 2.47 n-m* 506 0.0207 0.39 (152 ->154); —0.19(152 ->155); 0.24(153 ->154);
0.50(153 ->155)
19 3.50 - 355 1.3274 0.53 (152 ->154); 0.11(152 ->155); —0.42(153 ->155);
20 3.49 - 350 1.3161 —0.11 (152 ->154); 0.53(152 ->155); 0.42(153 ->155);
Benzene 5 2.23 n-m* 556 0.0337 —0.12 (152 ->154); —0.41(152 ->155); 0.53(153 ->154);
~0.16(153 ->155)
6 2.46 n-m* 504 0.0315 0.41 (152 ->154); —0.12(152 ->155); 0.16(153 ->154);
0.53(153 ->155)
19 3.46 - 365 1.3774 0.54 (152 ->154); —0.43(153 ->155)
20 3.44 - 360 1.3755 0.54 (152 ->154); 0.43(153 ->155)
Hexane 5 2.24 n-m* 557 0.0325 —0.16 (152 ->154); —0.40(152 ->155); 0.51(153 ->154);
—0.21(153 ->155)
6 2.47 n-m* 505 0.0323 0.40 (152 ->154); —0.16(152 ->155); 0.21(153 ->154);
0.51(153 ->155)
19 3.45 - 360 1.3342 0.54 (152 ->154); —0.43(153 ->155)
20 3.43 - 359 1.3320 0.54 (152 ->154); 0.43(153 ->155)
Dichloromethane 5 2.24 n-m* 554 0.0292 0.18 (152 ->154); 0.39(152 ->155); —0.51(153 ->154);
~0.23(153 ->155)
6 2.46 n-m* 503 0.0290 0.39 (152 ->154); —0.18(152 ->155); 0.23(153 ->154);
0.51(153 ->155)
19 3.45 T-T* 360 1.3342 0.53 (152 ->154); 0.11(152 ->155); —0.42(153 ->155)
20 343 - 359 1.3320 —0.11 (152 ->154); 0.53(152 ->155); 0.42(153 ->154)
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Table 7
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A comparative analysis of 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine palladium(II) with similar type of compounds.

2,3,7,8,12,13,17,18-Octaethyl-

21H,23H-porphine Ref. [1]at DFT/ Ref. [2]at DFT/ Ref. [3]at DFT/ Ref. [4]at DFT/ Ref. [5]at DFT/

Parameters palladium(Il)at DFT/B3LYP/SDD B3LYP/SDD B3LYP/6-311G B3LYP/6-31G(d,p) CAM-B3LYP/6-31G(d,p) B3LYP/6-31G(d)
Enomo (eV) —5.062 -5.001 —6.108 -4.751 -5.980 —6.690

Erumo (eV) —2.005 -2.530 -2.091 -1.751 -1.350 -2.170

Eg (eV) 3.057 2.471 4.017 3.000 4.630 4.520

(p) Debye 0.404 0.002 9.760 0.595 5213 6.524

I(eV) 5.062 5.001 6.108 4.751 5.980 6.690

A(eV) 2.005 2.530 2.091 1.751 1.350 2.170

X(eV) 3.534 3.766 4.099 3.251 3.665 4.430

V(eV)! -3.534 —3.766 —4.099 -3.251 -3.665 —4.430

n(ev) 1.528 1.236 2.008 1.500 2.315 2.260

S(eV)! 0.327 0.202 0.249 0.333 0.432 1.480

w (eV) 4,085 2.869 4,183 3.523 2.901 4323

be attributed to the electronic transition S; (first excited singlet
state) — Sg (ground singlet state) + hvp, (accompanied phonon
energy) S; — Sg + hvp, (accompanied phonon energy). The other
short-wavelength emission band detected at 591.5 nm can be as-
signed to the transition of S,(the second excited singlet state)-S.
The enhancement of the emission intensity may be attributed to
the oscillator strength that is affected by the crystallinity and the
mean particle size as described by Huang et al. [59].

3.6. The calculated and experimental electronic absorption spectra

The investigation of the electron transitions of PaOEP, TD-DFT
calculations was achieved using polar and non-polar solvents of
Q-and S-bands of the PaOEP structure. The absorption bands of
PaOEP in all the desired solvents are shown in Fig. 9 and their
assignments are recorded in Table 7. The calculated positions of
the expected excitation, oscillator strength, and electron transition
configurations are also listed in the table. The PaOEP spectra are
strongly absorbed through the Soret region at around 3.58 V and
the recorded Q-band at ~ 2.46 eV. The absorption band that cor-
responds to the maximum absorption of the PAOEP ring is red-
shifted by 3-4 nm under the influence of solvent types. Table
7 lists the calculated excitation energies and the corresponding os-
cillator strengths of PaOEP in comparison with those published by
a similar structure in the literature [60-64]. The obtained parame-
ters of PAOEP agree with those obtained for comparable structures,
which approves the precision of the achieved results.

The calculated Q bands of the absorption spectra of PaOEP in
the gas phase were recorded at ~560 nm, whereas in benzene, hex-
ane, and dichloromethane, acetone solvents are detected at 556,
557, 554, 553 nm, respectively. The Vis absorption bands can be
assigned to the transition of n-w*, w-m*. The first state is local-
ized in the Octaethyl porphyrin ring while the highest state is lo-
calized in the position of Pd*2, Fig. 9. On this basis, the PaOEP
is predictable to have high optoelectronic efficiency characteris-
tics through photoinduced processes. The insertion of the Pd-metal
atom and octaethyl moiety substitution further affect the absorp-
tion bands and useful for applications throughout the NIR -Vis
range.

The experimental UV-visible absorption coefficient,c spectrum
of highly conjugated PaOEP macrocycle thin films is shown in
Fig. 10(a). The figure shows that the structure displays a high in-
tense peak centered at about 400 nm (i.e. Soret band), in agree-
ment with those obtained theoretically by TD-DFT (extinction co-
efficient > 300.000 mol~'.cm~!. L). This band can be ascribed to
the transition of the charge carrier from the ground level to Ptt2
-to-the state of the ligand (i.e., charge transfer singlet state [65-
67]. Moreover, the minor peak at 555.2 nm and the shoulder cen-
tered at 518.4 nm (Q- bands) can be assigned to the transition from
Pd*2 to the state of the ligand (i.e., charge-transfer spin-triplet

state) [65-67]. The absorption spectrum investigation offers valu-
able supplementary evidence concerning the energy band and the
optical transition type.

For obtaining useful information for the applicability of PaOEP
for the application of optoelectronic devices, the evaluation of the
energy bandgap and the predominant type of transitions should be
considered. The analysis of « at the edge of absorption can be used
for obtaining the energy bandgap, Eg with direct allowed transition
as follows [68]:

(aehv)® = A(hv — Ey) (3)

where A is a constant. The plot of (ahv)? vs. hv is employed in
Fig. 10(b) to confirm the type of transition and obtaining the en-
ergy gap of PaOEP films. This figure confirms that the predominant
type of transition is the direct allowed with energy gaps of 2.23 eV
for the onset energy gap (i.e. the minimum energy essential to pro-
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duce an electron-hole pair) [69] and 2.98 eV for the fundamental
energy gap(i.e. HOMO-LUMO gap) [70]. The little disagreement be-
tween the experimental energy gap (2.98) and the theoretical en-
ergy gap (3.05) can be understood by ignoring the theoretical cal-
culations for the molecular interactions by the neighbor molecules
[71].

3.7. Dark and illuminated electrical properties

The schematic diagram of Au/ PaOEP /p-Si /In heterojunction
structure is illustrated in Fig. 11. The electrical characteristics of
Au/ PaOEP [p-Si/In heterojunction device are studied using the
semi-logarithmic J-V curves is shown in Fig. 12. The measure-
ments were considered in the dark and under illuminations in the
range of 20-80 mW/cm?. The heterojunction device displays re-
markable rectification characteristics as shown from the compari-
son between the forward (Fig. 11) and reverse current (the inset
of Fig. 12) under the same influence of bias. The potential depen-
dence of the rectification ratio, RR is shown in Fig. 13. The figure
shows an extraordinary RR in the dark condition and reaches its
maximum value of 165 at 0.5 V. The increment in the reverse cur-
rent under the influence of illumination is attributed to the pro-
duction of excitons as a result of the absorption of light. The ex-
citons are separated and swept away under the impact of built-in
potential through the depletion region, creating the photocurrent
[72,73].

To check the applicability of the PaOEP heterojunction device
measure the sensitivity of the PaOEP heterojunction device, the
main parameter should be studied are the responsivity, R, and the
detectivity, D. The responsivity of the heterojunction device is re-
lated to the photocurrent density, Jp,, and the incident power of

10

light, P using the following relation [74,75]:
.]ph

5 (4)

The reverse-biased dependency of the responsivity of the PAOEP
heterojunction device under the illumination intensity range of
20-80 mW/cm?2, depicted in Fig. 14(a), indicates an increase of R
with increasing the applied reverse bias. Moreover, Fig. 13(b) con-
firms the high value of R as the intensity of illumination increases
and consistent with the published results by Farag et al. [74]| and
El-Samabhi et al. [71].

Besides, the detectivity of the heterojunction device, D is as-
sociated with the responsivity, R using the following formulation
[74,75]:

R

Ner

The change of D of the heterojunction device based PaOEP
diode with the variation in the illumination intensity is shown in
Fig. 14(c). This figure confirms the improvement of the detectivity
by increasing the illumination intensity. The results obtained for
the detctivity are consistent with those published by Farag et al.
[73], Samabhi et al. [74], and Abdel-Khalek [75]. The external quan-
tum efficiency, EQE is an important measurement employed to de-
tect the performance of the optoelectronic device in a wavelength
range, A and determined by the following [75]:

Rhc

EQE = o
The variation of the EQE vs. the reverse bias of the PaOEP het-
erojunction device under various illuminations, Fig. 15(a), desig-
nates a decreasing of EQE with increasing the applied bias and in-

creases with increasing the illumination intensity inconsistent with

R =

(5)

(5a)
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those reported by El-Samahi et al. [75]. Besides, the variation of
EQE vs. wavelength, A is shown in Fig. 15(b) to describe the het-
erojunction device’s efficiency at each photon energy level. The fig-
ure shows that the PaOEP heterojunction device exhibits the high-
est EQE of 10% at A of 500 nm. Furthermore, the EQE curve has a
broad curve including a wide range of A signifying that the PaOEP
heterojunction device can be applicable for photosensitive device
applications.

4. Conclusions

An evacuated thermally evaporating system was successfully
employed to produce PaOEP thin films. The results of XRD and
the Rietveld improvement data confirm that PaOEP has a nature
of polycrystalline nature with a triclinic system and is supported
by the results of SAED. The absorption spectrum of PaOEP thin
films shows two characteristic bands called Soret and Q-bands. The
spectrum analysis of absorption nearby the band edge of the films
supports a direct allowed transition with energy gaps of 2.23 and
2.98 eV. The TD-DFT analysis for the absorption spectra in various
polarity solvents spectra of the PaOEP shows specific Soret and vis-
ible transitions of 3.58 eV and 2.46 eV, respectively. The natural
population analysis of the PaOEP structure showed a distribution
of that 334 electrons. As a result, all coordination Pd-N bond oc-
curring in the studied complex PaOEP in the ground state is char-
acterized by the following conditions: V2p(r) > 0, and he(r) < 0
that determine an intermediate type of interaction in the frame-
work of Bader’s theory formalism. All the studied complexes are
predicted to be very stable because of the high values of ion-to-
ligand binding energies. The heterogeneous device based PaOEP
thin films displays remarkable rectification properties. The hetero-
junction devices exhibit a broad curve the spectral dependence of
and recorded the highest EQE of 10% at A of 500 nm. The respon-
sivity of the PaOEP heterojunction device and the results of EQE
under influence of illumination candidates can be applicable for
photosensitive device applications.
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