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a b s t r a c t

Metal complexes of Ni(II) and Cu(II) with a new Schiff base, 2-benzylidene-3-hydroxy -1-(5,6-diphenyl-
1,2,4-triazine-3-yl)hydrazine (HBDHT) have been synthesized and characterized by elemental analysis and
spectroscopic methods. The results adopt octahedral and square planar structures for Ni(II) and Cu(II)
complexes, respectively with the formula, [Ni(BDHT)(NO3)(H2O)2)]$H2O and [Cu(BDHT)(H2O)](NO3)$
H2O. The emission spectra arising from S1 state is assigned to p* /p and LUMO/HOMO transition
character for investigated molecules. Structural parameters of the synthesized compounds were calcu-
lated on the basis of DFT level implemented in the Gaussian 09 program. The size of the prepared nano
particles was obtained by scanning electron microscopy (SEM) and particle size analyzer. Analysis of the
absorption coefficient near the fundamental absorption edge emphasizes two indirect allowed transi-
tions n / p* and p / p* with energy gaps of 1.1 and 2.55 eV. The forward bias current of the prepared
heterojunction shows diode-like behavior with appreciable rectification characteristics. The extracted
heterojunction parameters show light dependence which supporting the achievability for the optical
sensor in several optoelectronic applications.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The class of the 1,2,4-triazine Schiff base complexes has
remained an important compounds of research due to their simple
synthesis, versatility, and diverse range of applications such as
biological properties [1e10], catalysts [11e13], and promising ma-
terials for optoelectronic applications [14e17] and the design of
biosensors [18]. Conjugated Schiff bases have interesting opto-
electronic properties and have been used in electronics such as
organic and perovskite solar cells [19,20], organic field-effect
transistor (OFET) [21] and electrochromic devices [22]. Their sim-
ple and clean chemistrymake them a promising candidate as a low-
cost alternative to currently used conjugated materials. Schiff base
chemistry is also used to prepare covalent organic framework
ty of Science and Arts, Aljouf
(COFs), which can be used for gas storage [23]. In continuation of
our work on the synthesis of the 1,2,4 -triazine Schiff base metal
complexes [24], we report the synthesis, spectral and photo-
luminescence properties of Cu(II) and Ni(II) complexes of the Schiff
base, 2-benzylidene-3-hydroxy -1-(5,6-diphenyl-1,2,4-triazine-3-yl)
hydrazine (HBDHT) (See Fig. 1). Moreover, DFT calculations and
morphological properties of prepared thin films were investigated
by scanning electron microscopy (SEM). In addition, optical
dispersion, absorption of the prepared films and the effects of light
on the electrical characteristics of the prepared heterojunction are
also considered to investigate the photodiodes applications.
2. Experimental

2.1. Preparation of the ligand

Synthesis of 5, 6 diphenyl-3-hydrazino-1, 2, 4-triazine (3-DHT)
was prepared by a procedure reported in the literature [25]. A
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Fig. 1. Scheme of the proposed structures of (a) HBDHT compound,(b) Ni complex and (c) Cu complex.
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mixture of 3-DHT (5.26 g, 20 mmol) and salycyaldehyde (4.20 g,
20 mmol) in 50 mL ethanol was heated under reflux for 30 min.
Yellow crystals were obtained after cooling at room temperature.
The product was filtered off and recrystallized from aqueous
ethanol (1:3), yield 5.15 g (72%) and m.p. 267 �C of the corre-
sponding Schiff base 2-benzylidene-3-hydroxy-1-(5, 6-diphenyl-1,
2, 4-triazine-3-yl) hydrazine (HBDHT), (Fig. 1A).

2.2. Synthesis of the metal complexes

To a stirred ethanolic solution of an appropriate Ni(II) or Cu(II)-
nitrate (0.01 mol, ~20 ml), an ethanolic solution of HBHDT (3.67 g,
0.01 mol, in 25 mL) was added in the molar ratio 1:1. The reaction
mixture was stirred for 1 h at room temperature. The resulting
brown precipitate was filtered off, washed with ethanol and diethyl
ether and stored in desiccator on anhydrous calcium chloride. The
analytical chemical composition and some physical properties are
depicted in Table 1 and shown in Fig. 1.
Table 1
Analytical and physical data of HBDHT and its metal complexes.

No Complex/empirical formula FW color M.P

1 HBDHT
C22H17N5O

367 yellow 267 �C

2 [Ni(BDHT)(NO3)(H2O)2)]$H2O
C22H20N6O7Ni

540 Brown 215 �C

3 [Cu(BDHT)(H2O)](NO3)$H2O C22H20N6O6Cu 527.5 brown 282 �C
2.3. Materials and methods

All chemicals used were of reagent grade. IR spectra were
recorded with the FT-IRe8101 Shimadzu spectrometer (4000-
400 cm�1) as KBr pellets. FT Far-IR spectra have been recorded with
a Nicolet 20F Far-IR vacuum spectrometer (FTIR) with a TGS (room
temperature) detector using polyethylene wafers. Electronic ab-
sorption spectra were measured in methanol solution using a
Perkin-Elmer 550 S spectrophotometer. Magnetic moments were
obtained using the MSB-AUTO magnetic susceptibility balance by
the Gouy method.

Thin films of Ni(II) complex were prepared by spin-coating
technique, type Polos. The films were studied by using scanning
electron microscope (SEM) of type JEOL-JSM-636 OLA. Photo-
luminescence characteristics were measured using RF-5301. Opti-
cal transmission and reflection were measured by using double
beams spectrophotometer type JASCO e 670 of spectral range
200e2500 nmwith a step scan of 2 nm. Single crystalline of p-type
Analytical, calc (found) L

(ohm�1 cm2 mol�1)
meff
(BM)

C% H% N%

70.20 (71.94) 4.80 (4.63) 18.00 (19.00) e e

48.83 (48.89) 4.10 (4.11) 15.53 (14.80) 35 1.56

50.05 (50.14) 3.82 (3.83) 15.92 (15.95) 44 1.96



Table 2
IR and far eIR spectroscopy of HBDHT and its metal complexes.

HBDHT [Cu(BDHT)(H2O)]
(NO3)$H2O

[Ni(BDHT)(NO3)
(H2O)2)]$H2O

Assignment

IR- spectra
3700-3200b 3410b 3412b nOH/H2O
3312S 3300S e n(NH)
1620S 1605S 1601S n(C¼N)
1510s 1513s 1512S n(C¼C)

e 1383 S, 839 S 1369S, 833s n(NO3)

1246 m 1233 m 1242 s n(CeO) phenolic
Far-IR bands

545,390,296,270 551, 361, 274 542,365,271 n(triazine ring)

e 476, 275 475, 272 n(M � N)

e 440, 397 438, 390 n(M � O)
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Si (100) wafers with the carrier concentration of 1016cm�3 were
purchased from Nippon Mining Co. and etched by using the CP4
solution (HF:HNO3:CH3COOH with ratio 1:6:1). The currentevolt-
age characteristics of the heterojunction were measured by means
of high impedance electrometer type Keithley 2635 A attached
with a personal computer interfaced via certain proper software for
recording and plotting the extracted data from the electrometer.
Illumination of the hetero-junction was achieved by using a white
halogen-tungsten with intensity measured using a solar power
meter type TM-206.
3. Results and discussion

3.1. Spectral characterization

The prepared metal complexes are all air-stable solids and have
good stoichiometry. The FT-IR data of the current ligand and its
complexes are listed in Table 2 and shown in Fig. 2. The FT-IR
spectra of the free ligand exhibit the characteristic bands of
phenolic OH and NH stretching vibration groups (3700-
3200 cm�1), the high broadness might arise from the strong
hydrogen bond and/or overlap with NH stretching vibration. In
addition, two bands at 1620 and 1510 cm�1 were assigned to (C¼N)
and C¼C groups as shown in Fig. 2. Similar features are observed in
the IR spectra of the complexes, with the C¼N stretching vibrations
are shifted to lower wave numbers with respect to the free ligand
Fig. 2. FT- IR Spectrum of (a) HBDHT compo

Table 3
Excitation wave length, emission bands and lscot of HBDHT ligand and its metal complex

Compound lmax (nm)

HBDHT ligand 333- 303-213
[Ni(BDHT)(NO3)(H2O)2)]$H2O 409-308-219
[Cu(BDHT)(H2O)](NO3)$H2O 403-306-250

a Molar absorptivity (ε).
appearing at (1605 and 1601 cm�1) for Cu(II) and Ni(II)-complexes,
indicating the participation of the C¼N group in complexation. This
fact is further supported by the appearance of medium intensity
band in the region below 475 cm�1 that assignable to n(M � N)
vibration. Furthermore, the negative slope of the linear correlation
of nC¼N versus the calculated dipole moment (m), m/
BM¼ 508e0.313 nC¼N/cm�1, r¼ 0.92, F¼ 11.46, reveals a red shift of
n C¼N (strong coordination) was accompanied by increasing the
dipole moment of the complex.

On the other hand, the broad band in the range of
3700e3200 cm�1 in the free ligand HBHDT disappeared or dis-
played a red shift to 3410 cm�1 which might attribute to coordi-
nated of water or phenolic OH group. This emphasized by the
appearance of one more medium intensity band at 440 cm�1

assignable to n (M � O) vibration. In the complexes, new bands
observed at ca. 1369, 1383 cm�1 (v3) and 833, 839 cm�1 (v2) for
Ni(II)- and Cu(II)-complexes, respectively, are consistent with the
mono-dentate nature of the nitrate group [26,27]. This interpreta-
tion emphasized by the low conductance values: 33 and 44 �1 cm2

mol�1 listed in Table 1, for the current Ni(II)- and Cu(II)-complexes.
Thus, from the IR-spectral assignments it is clear that the ligand
behaves as tridentate towards the metal ion through the imine
nitrogens and phenolic oxygen.

3.2. Electronic spectra characterization

The UVevisible spectra of the ligand and its complexes were
recorded in methanol solution in the 200e800 nm region. The
absorption spectra of HBHDT ligand consists of an intense band
centered at 333 nm, attributing to n/ p* transitions. Furthermore,
two intense bands at 303 and 213 nm for HBDHT were related to p
/ p* transitions of aromatic rings and the azomethine groups.
These transitions are also found in the spectra of the complexes, but
they shifted toward lower frequencies, confirming the coordination
of the ligand to the metal ion. The UVevisible spectra of the Ni(II)
complex shows three absorption bands, 409,308, 219 nm and 403,
306, 250 nm for Cu(II)-complex, respectively [28e31].

3.3. Absorption and emission properties

To gain insight of the optical property and electronic transition,
the excitation energy and UVeVis absorption spectra for the
und,(b) Ni complex and (c) Cu complex.

es in methanol solvent.

lex (nm) lem (nm) lscot (nm)

260 503 (7 � 106)a 243
300 390 (5.8 � 106)a 90
260 380 (6 � 106)a 120



Table 4
Structural parameters of HBDHT ligand and its metal complexes computed bymeans of DFT using the B3LYP and the basis set 6-31G level, provides by the Gaussian 09 program.

Compound Etot (eV) Dipole
Moment
m/D

DHf
(eV)

EHOMO(eV) ELUMO(eV) Egap (eV)

HBDHT ligand �32573 0.6351 �25.15 �6.324 �0.033 6.286
[Ni(BDHT)(NO3)(H2O)2)]$H2O �77960 5.996 �39.59 - 6.503 0.052 6.555
[Cu(BDT)(H2O)](NO3)$H2O �81255 6.559 �40.33 �6.340 0.076 6.264
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singlet-singlet transition of all compounds were measured in
methanol solution the band maxima are depicted in Table 3. The
current compounds exhibit a strong absorption band in the UV
region around 300 nm for free ligand and its complexes, which can
be assigned to an intramolecular charge transfer (ICT) between the
various donating unit and the electron acceptor, hydrogen bond
acceptor and/or metal ion.

The measured wavelength labs of the studied compounds de-
creases in the following order Ni(II)- complex > Cu(II)-
complex [ HBDHT which is the same order of the band gap. This
bathochromic effect from the free ligand (HBDHT) to metal ion is
obviously due to increased p delocalization. This interesting point
is seen both by analyzing electronic and absorption results. Exci-
tation to the S1 state corresponds exclusively to the promotion of
an electron from the HOMO to the LUMO. The absorption wave-
lengths arising from S0/S1 electronic transition increase pro-
gressively with the increasing of conjugation lengths.

In order to study the emission photoluminescence properties of
the studied compounds, the adiabatic emission spectra were
measured at room temperature in methanol. The emission spectral
data of the compounds recorded in methanol are collected in
Table 3. According to the absorption and emission data, the values
of Stokes shift (SS) for all compounds were obtained. The emission
spectra arising from S1 state is assigned to p* /p and
LUMO/HOMO transition character for all molecules. Through
analyzing the transition configuration of the fluorescence, we
found that the calculated fluorescence is just the reverse process of
the lowest lying absorption. Moreover, the observed red-shifted
Fig. 3. (a) Optimized structure of HBDHT free lig. (b) Ni(BDHT) C
emission of the photoluminescence (PL) spectra in order Cu (II)-
complex < Ni (II)-complex≪ HBDHT when passing from HBDHT to
Cu (II)-complex ~ Ni (II)-complex is in reasonable agreement with
the obtained results of absorption. Furthermore, the Stokes shift of
these compounds is found to be in the range 90, 120 and 243 nm.
These promising optical properties suggest that the current com-
pounds will be good candidates for the solar cell devices.

3.4. Molecular orbital calculations

All molecular calculations were performed in the gas phase by
means of Density Functional Theory (DFT) using the B3LYP and the
basis set 6-31G level, provides by the Gaussian 09 program. The
structural parameters data of the free ligand HBDHT and its metal
complexes were calculated and listed in Table 4. In addition, the
optimized structure of HBDHT and its metal complexes are shown
in Fig. 3(aec).

The frontier molecular orbital (FMO) contribution is very
important in determining the charge-separated states of the
studied molecules because the relative ordering of occupied and
virtual orbital provides a reasonable qualitative indication of exci-
tation properties and provides also the ability of electron hole
transport [32,33]. The energies of the frontier molecular orbitals of
studied molecules are given in Table 5. It is well known that the
HOMO and LUMO energies and energy gaps are weightily relative
to optical and electronic properties. Table 5 shows detailed data of
absolute energy of the frontier orbital calculated by DFT for the
studied molecules. The distributions and energy levels of the
omplex, and (c) Optimized structure of Cu(BDHT) complex.



Table 5
Frontier orbitals data obtained by DFT method for the current compounds at B3LYP/6-31G optimized geometries.

Compounds HOMO HOMO-1 HOMO-2 LUMO LUMOþ1 LUMOþ2 labs (nm) Electronic transitions MO/character

HBDHT �6.324 �6.890 �7.102 �0.0326 �0.0027 �0.0025 197.07
180.80
175.38
196.14
196.14
180.01

S 0 /S1
S 0/ S2
S 0/ S3
S0 /S4
S0 /S5
S0/ S6

HOMO /LUMO
HOMO-1/ LUMO
HOMO-2/ LUMO
HOMO/ LUMOþ1
HOMO/ LUMOþ2
HOMO-1/ LUMOþ1

Ni-complex �6.503 �6.748 �6.892 0.0517 0.0598 0.0707 189.16
182.35
178.75
188.94
188.62
182.14

S 0 /S1
S 0/ S2
S 0/ S3
S0 /S4
S0 /S5
S0/ S6

HOMO /LUMO
HOMO-1/ LUMO
HOMO-2/ LUMO
HOMO/ LUMOþ1
HOMO/ LUMOþ2
HOMO-1/ LUMOþ1

Cu-complex �6.340 �6.960 �7.271 0.0761 0.0431 0.0680 193.23
176.21
168.75
194.23
193.47
177.04

S 0 /S1
S 0/ S2
S 0/ S3
S0 /S4
S0 /S5
S0/ S6

HOMO /LUMO
HOMO-1/ LUMO
HOMO-2/ LUMO
HOMO/ LUMOþ1
HOMO/ LUMOþ2
HOMO-1/ LUMOþ1
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HOMO-2, HOMO-1, HOMO, LUMO, LUMOþ1 and LUMOþ2 orbitals
were computed at the B3LYP/6-31G level for the current com-
pounds. Both the highest occupiedmolecular orbitals (HOMOs) and
the lowest-lying unoccupied molecular orbitals (LUMOs) are
mainly localized on the rings as shown in Fig. 4, indicating that the
HOMO are mostly the p-antibonding type orbitals. The HOMO or-
bitals are mainly delocalized on the triazine group, while the LUMO
orbitals are mainly delocalized on triazine group and phenyl rings.
Namely, electron transitions are corresponding to the n-p* and p -
p* electron transitions. The value of the energy separation between
the HOMO and LUMO is 6.286 eV for the free ligand (HBDHT) and
this low energy gap indicates that the current ligand is potentially
interesting electronic transitions. However, the complexes of
HBDHT show the following EHOMO ¼ �6.503, �6.340eV and
Egap ¼ 6.555 and 6.264 eV for Ni(II)- and Cu(II)-complexes,
respectively.

The HOMO and the LUMO energy levels of the donor and
acceptor components are very important factors to determine
whether effective charge transfer will happen between donor and
acceptor. To evaluate the possibilities of electron transfer from the
excited studied molecules to the conductive band of the acceptor
TiO2 or PCBM, the HOMO and LUMO levels were compared (Fig. 5).
It is important to note that the LUMO levels of the current com-
pounds are higher than that of the conduction band of TiO2
(�4.0 eV) [34], and of PCBM (�3.7 eV) [35]. The HOMO energy
levels of all dyes are much lower than that of both TiO2 conduction
band edge and PCBM suggesting that the photo-excited electron
transfer from p to TiO2 (or to PCBM) may be sufficiently efficient to
be useful in photovoltaic devices.

The power conversion efficiency (x ) was calculated according to
the following Eq. (1):

x ¼ FF VocJsc
Pin

(1)

where Pin. is the incident power density, Jsc is the short-circuit
current, Voc is the open-circuit voltage, and FF denotes the fill factor.

The maximum open circuit voltage (Voc) of the bulk hetero-
junction (BHJ) solar cell is related to the energy difference between
the highest occupied molecular orbital (EHOMO) of the electron
donor and the lower unoccupied molecular orbital (ELUMO) of the
electron acceptor, taking into account the energy lost during the
photo-charge generation [35,36]. The theoretical values of open-
circuit voltage Voc have been calculated from the following
expression (2):

Voc ¼ jEHOMOðDonorÞj � jELOMOðAcceptorÞj � 0:3 (2)

The Voc of the current compounds can be approximately esti-
mated by the energy difference between ELUMO of the investigated
compound and conduction band (ECB) of the semiconductor [37]:

Voc ¼ ELUMO � ECB (3)

As shown in Table 6, the theoretical values of the open circuit
voltage Voc of the studied molecules range from 3.867 eV to
4.076 eV of TiO2 (2.503e2.890 eV of PCBM). These values are suf-
ficient for a possible efficient electron injection. Therefore, all the
studied molecules can be used as sensitizers because the electron
injection process from the excitedmolecule to the conduction band
of the acceptor (TiO2) is possible and can also be used as organic
molecules in solar cells with the presence of acceptor sites.
3.5. Morphology characterization

Surface morphology characterization of Ni(BDHT) thin films
was achieved by using scanning electron microscope (SEM) with
different magnifications as shown in Fig. 6(a)-(d). This figure
demonstrates a high crystalline growth of the film on the substrate.
The overall characteristics of the presented images appear well
crystalline thin films with randomly oriented distribution and
different sizes and orientations as well as aggregation. It is difficult
to estimate the particle size by using the SEM images due to the
presence of large and fine particles with a heterogeneous distri-
bution of particles with various morphologies; therefore the par-
ticle size analyzer was used. The distribution of the particle size is
shown in Fig. 7 which shows the predominant size is found to
~300 nm. The obtained results support the applicability of the
grown films with high crystallinity and particle size for optoelec-
tronics as suggested by Werner and Bermann [38]. They discussed
the enhancement of the open circuit voltage and other solar cell
parameters for the films of sizes within the range of 100 nm-10 mm.
Yamamoto and Romeo et al. [39] have studied the referred this
relationship to the influence of lower grain boundaries [40]. Wang
et al. [41] have reported that the nanoparticles with various sizes
are preferred to have various absorption edges due to the influence
of quantum confinement. Mastroianni et al. [42] have suggested
that the small size of the grown crystals originate a great number of
grain boundaries and crystal dislocations that affect the solar



Fig. 4. The contour plots of HOMO's and LUMO0 orbitals of HBDHT compound.
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device efficiently.

3.6. Optical characterization

Spectral dependence of transmittance T(l) and reflectance R(l)
of the Ni(BDHT) thin films over wavelength range of 200e2500 nm
are shown in Fig. 8. It is clear from the figure that a remarkable
transmission edge is detected which confirming this film as a
probable optical filter. Furthermore, the spectral distribution at
longer wavelengths (l > 900 nm), the film becomes transparent



Fig. 5. Sketch of B3LYP/6-31G calculated energies of the HOMO, LUMO level of studied molecules I¼ HBDHT,II¼ Ni(II)complex and III¼ Cu(II)Complex.

Table 6
Energy values of LUMO(ELUMO), HOMO (EHOMO) and the open circuit voltage Voc of the studied molecules obtained by B3LYP/6-31G level.

Compound EHOMO(eV) ELUMO(eV) Voc/absolute (eV) Voc/TiO2(eV)a Voc/PCBM(eV)a

HBDHT �6.890 �0.0327 6.557 3.967 2.890
Ni(II)-complex �6.503 0.0517 6.151 4.052 2.503
Cu(II)-complex �6.536 0.0762 6.160 4.076 2.536

a TiO2 -4.0 eV and PCBM -3.7 taken from ref. [37].

Fig. 6. SEM image of different magnifications (a) 250� and (b) 1000�, (c) 1000� with zoom ein, and (d) 5000� of [Ni(BDHT)(NO3)(H2O)2)]$H2O thin films.

A. Taha et al. / Journal of Molecular Structure 1139 (2017) 31e42 37



Fig. 7. Particle size distribution of [Ni(BDHT)(NO3)(H2O)2)]$H2O.
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appearing that there is no light is absorbed without any scattering
or absorption (i.e. ~R þ T ¼ l). However, in the absorption region
gaps were estimated by employing Bardeen's formula as follows
[43e45]:

ðahnÞ ¼ A
�
hn� Eg

�s
; (4)

where A is a constant related to prospect of transition, s is an
exponent defines the transition type, which have a value of 1/2 and
3/2 for the direct allowed and direct forbidden transitions,
respectively. While, s ¼ 2 and 3 for indirect allowed and indirect
forbidden transitions, respectively [46].

The above formula was used with all the probabilities of
transition and the best fit was set for s ¼ 1/2, which means the
predominant of transition with a type of indirect allowed. Plot of
(ahn)1/2 vs. hn for the Ni(BDHT) thin films is shown in Fig. 9(a)
and (b). As observed, the energy band gap can be obtained from a
straight line extrapolation with the photon energy axis at (ahn)1/
2 ¼ 0 gives the optical band gap. Two extracted optical gaps Eg1
and Eg2 with values of 1.1 and 2.55 eV, respectively. The obtained
values of energy gaps are found to be in agreement with other
organic films [47e52], and confirm that the presented structure
is anticipated to be preferable for photovoltaic applications [53].
The estimated energy gap is determined by the calculations
Fig. 8. Spectral behavior of the transmittance T(l) and the reflectance R(l) of
[Ni(BDHT)(NO3)(H2O)2)]$H2O thin films.
based on molecular orbital which explained on the bases of
single molecule in its calculation (in the light of Van der Waals of
solids) [54].
3.7. Dielectric characterizations

Dielectric dispersion of the dielectric constant has a potential
interesting for characterizing the prevalence of the electromag-
netic waves and the light loss in the solid material, suitable
for optoelectronic application [55]. The complex dielectric
constant, related to the real dielectric, ε1 constant and the
imaginary dielectric constant, ε2, can be described by the
following formula [55].

ε ¼ ε1 � iε2 (5)

And the loss factor can be specified by the following equation

tan d ¼ ε1

ε2
(6)

The photon energy dependence of ε1 and ε2 is illustrated in
Fig. 10. As observed, the same tendency of ε1 and ε2 occurs. In
addition, the loss factor, tand, of the Ni (BDHT) thin films has been
determined by the above equation and the photon energy depen-
dence is shown in Fig. 11. In addition, the photon energy depen-
dence of the real, s1 and imaginary, s2 parts of the optical
conductivity are shown in Fig. 12. As observed from the figure that
the two parts of the optical conductivity have the same trend. The
photon energy dependence of the latter parameters may be due to
some changes in the structure of the film as discussed before in the
literature by various authors [55e57].
3.8. Current densityevoltage characteristics

Semi-logarithmic plot of forward and reverse bias JeV charac-
teristics of Ni(HBDHT)/p-Si is illustrated Fig. 13 in dark and under
various illuminations of 40e100 mW/cm2 at 300 K. A remarkable
rectification behaviour is detected, supporting the formation of
barrier at Ni(HBDHT)/Si interface. In addition, the rectification ratio
(RR) is found to decrease with increasing illumination intensity as
shown in Fig. 14 (a) which confirms the behaviour of photodiode
[58]. The JeV characteristics can be described by the following
relation for a limit region (VF � 3 kT/q) [59,60]:



Fig. 9. Plot of (ahn)1/2 vs. hn (a) first region and (b) second region of [Ni(BDHT)(NO3)(H2O)2)]$H2O thin films.
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J ¼ J0

�
exp

�
qðV � JRs

hkT

�
� 1

�
(7)

where V is the applied voltage, h is the ideality factor, k is the
Boltzmann constant, T is the absolute temperature, Rs is the series
resistance and the reverse saturation current density Jo is defined
by the following:

J0 ¼ A*T2 exp
��qFb

kT

�
(8)

where, A* is the Richardson constant and Fb is the zero-bias barrier
height which can be estimated from the y-axis intercept using the
following relation:

Fb ¼ kT
q
ln
�
A*T2

J0

�
(9)
Fig. 10. Photon energy dependence of ε1 and ε2 of [Ni(BDHT)(NO3)(H2O)2)]$H2O thin
films.
Furthermore, the ideality factor, h can be estimated from the
slope of J-V characteristics using the following equation

h ¼ q
kT

�
dV

d lnðJÞ
�

(10)

In addition, the photocurrent as function of light intensity is
shown in Fig. 14 (b). As observed, an increase in the photocurrent
with increasing light intensity. Accordingly, this gives an indication
for the production of an excitation as a result of light absorption
and the dissociation of this excitation at the organic/inorganic
interface by the effect of internal electric field. Therefore, the
photocurrent increases with increasing the light intensity accord-
ing to the well-known equation (Iph ¼ CPg, where Iph is the
photocurrent, C is a constant, g is an exponent, and P is the illu-
mination intensity [61].

The slope of the linear fitting of logarithmic plot of I-P charac-
teristic (Fig. 14(b)) is found to be ~0.9 which confirms a prospect of
trap centres occurrence through the band gap as discussed by Soylu
Fig. 11. Photon energy dependence of tan d of [Ni(BDHT)(NO3)(H2O)2)]$H2O thin films.



Fig. 12. Photon energy dependence of s1 and s2 of [Ni(BDHT)(NO3)(H2O)2)]$H2O thin
films.
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et al. [62]. Therefore, the generation procedure for the photocurrent
can powerful be influenced by the located traps [62].

Values ofFb of the diodewere calculated by sing the intercept of
Fig. 15 and Eq. (9). Variation of Fb as a function of illumination
intensity is illustrated in Fig. 15. As observed, values of Fb is found
to be increase with increasing light intensity which can be under-
stood explained by the generation of additional carriers having
enough energy to overcome the higher barriers [63].

The ideality factor was determined using the slope of Fig. 15 and
Eq. (10). As observed in Fig. 15, the determined ideality factor is
shifted from unity and found to decrease with increasing light in-
tensity. Deviation from the standard diode case may be explained
by charge carriers' recombination through the depletion region
[64]. The enhancement for the ideality factor is taken place under
effect of illumination intensity as observed from the decrease of
ideality factor from 4.2 to 3.1. The corrected value for the barrier
height can be obtained from the relationship of barrier height
versus ideality factor at different light intensity, as shown in Fig. 16
(a). As observed, the corrected value of barrier height which cor-
responds to ideality factor ~1 equals 1.125 eV.
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Fig. 16. (a) Plot of Fb vs. h and (b) Plot of Ion/Ioff vs. P of [Ni(BDHT)(NO3)(H2O)2)]$H2O complex/p-Si heterojunction.
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Study of ideality factor and the barrier height under different
illumination intensity were studied elsewhere [65,66] and eluci-
dated by the fact that the presence of barrier height inhomogenities
of and/or the presence of interfacial layer at metal/semiconductor
[66].

Ratio of Jon (i.e. current under illumination) to Joff (i.e. dark
current) at a certain voltage is defined as photoresponsivity which
is a characteristic for the photodiode. The ratio Jon/Joff as a function
of light intensity is shown in Fig. 16(b). A remarkable photo-
responsivity is demonstrated with a linear-fit characteristic.
Accordingly, this result confirms the possibility for the prepared
heterojunction for the application as a photodiode [67].
Fig. 17. (a) Plot of J vs. V and (b) Plot of Pout vs. V under different light int
Fig. 17(a) shows the loaded current density-voltage character-
istics of Ni(BDHT)/p-Si under different illumination intensities of
the range 20e100 mW/cm2 at 300 K. In addition, of the output
power-voltage curve of the heterojunction is shown in Fig. 17(b). It
can be seen from the figures that the photovoltaic parameters are
small as compared with those for inorganic heterojunction and
similar to most of the organic/inorganic heterojunctions. These
figures give an indication for the degree of the excitons disassoci-
ation process [68] Furthermore, the obtained open-circuit voltage
(i.e. 0.2 eV) is smaller than those obtained from the theoretical one
by B3LYP/6-31G level. The contradiction between them can be
attributed from the fact that most of the theoretical calculations
ensities of [Ni(BDHT)(NO3)(H2O)2)]$H2O complex/p-Si heterojunction.
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were carried out for models underlying considering infinitely dilute
solutions [54].

4. Conclusions

The studied metal complexes were found that the ligand,
HBDHT bonded to metal ions through the imine nitrogen and
phenolic oxygen as confirmed by the IR-spectral assignments.

The lower value of the magnetic moment of Ni (II) complex can
be due to the equilibrium between octahedral and square planar
geometry.

The estimated particle size is found to be ~300 nm as detected
from the distribution of the particle size analyzer. The obtained
results confirms the availability of the grown films with high
crystallinity and suitable particle size for optoelectronic applica-
tions. The results of the absorption spectra show three main char-
acteristic bands which can be attributed to n-p* transition (R-band)
for the first and second but third band could be due to p�p*

transitions over thewhole conjugated system (K-band). Two optical
gaps Eg1 and Eg2 with a values of 1.1 and 2.55 eV, respectively were
characteristics for Ni(BDT) thin films.

Heterojunctions of Ni (BDHT)/p-Si show good rectifying char-
acteristics and high photocurrent under a reverse bias as compared
to forward one which confirms photodiode behavior. The extracted
heterojunction parameters are found to be affected by illumination
intensity in the range 40e100 mW/cm2. A linear response of the
photocurrent with light intensity on the logarithmic scale supports
the high photosensitivity as well as the presence of continuous
distribution of trap levels. The photovoltaic parameters were esti-
mated and compared to study the applicability of the prepared
heterojunction for optoelectronic device application.
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