Eur. Phys. J. Appl. Phys. (2012) 57: 30201
DOI: 10.1051/epjap,/2012110280

THE EUROPEAN
PHYSICAL JOURNAL
APPLIED PHYSICS

Regular Article

Structural and optical characterizations
of Ni (Il) tetraphenyl porphyrin thin films

M.M. El-Nahass"?, HM. Abd El-Khalek?, and A.M. Nawar?

! Physics Department, Faculty of Education, Ain Shams University, Heliopolis, Roxy, Cairo, Egypt

2 Thin Film Laboratory, Physics Department, Faculty of Science, Suez Canal University, Ismailia, Egypt

Received: 16 July 2011 / Received in final form: 14 December 2011 / Accepted: 31 January 2012
Published online: 1 March 2012 — (© EDP Sciences 2012

Abstract. Thermal evaporation technique was used to prepare thin films of 5,10,15,20-tetraphenyl-
21H,23H-porphine nickel (II), NiTPP, onto glass and quartz substrates. The crystal structures and mor-
phologies of all prepared NiTTP thin films were investigated at 298, 423 and 573 K by using X-ray
diffraction, XRD, and scan electron microscopy, SEM, respectively. The lattice of all prepared NiTPP
films was investigated as a monoclinic with space group P2/M. The surface topography of the prepared
films showed granular particles of sizes 49.7, 64.7 and 107 nm. The annealed NiTPP films at 423 K have
a spatial configuration of well-defined grains boundary with nanoporous nature and all annealed films
at 573 K have higher aggregates and the porosity of the films was increased. Optical constants namely
refractive index, n, and the absorption index, k, of NiTPP films have been estimated by using spectropho-
tometric measurements of transmittance and reflectance in the spectral range from 200 to 2500 nm. The
absorption spectra in the UV-vis spectrum were analyzed in terms of both molecular orbital and band
theories. The obtained data of n and k were used to estimate the type of transitions and were found to
be indirect transition for all films. The optical and fundamental gaps were decreased as the annealing
temperature was increased. Some optical parameters namely molar extinction coefficient, emyo1ar, oscillator
strength, f, and electric dipole strength, ¢, have been evaluated. According to the single oscillator model
and Drude model, some related parameters such as oscillation energy, F,, the dispersion energy, F4, the
optical dielectric constant, e, the lattice dielectric constant, €1, and the ratio of free carrier concentration
to its effective mass, N/m™, the third-order nonlinear susceptibility, ¥, and molar polarizability, ap, were

estimated before and after annealing.

1 Introduction

Porphyrins are a class of conjugated macrocyclic com-
pounds in which four pyrrole rings are linked to each
other in cyclic fashion through meso-carbon bridges.
Photoprocesses in porphyrins, metalloporphyrins and re-
lated compounds have captured considerable attention not
only because of their important place in nature, but also
because these molecules offer promise as components of
artificial solar energy capture and storage devices, ele-
ments in molecular logic circuits and chromophores in
drugs for photodynamic therapy [1-5]. In order to exploit
the properties of porphyrins, they can be deposited as
thin films by using several techniques such as solvent cast-
ing, Langmuir-Blodgett [6,7], spin coating, high vacuum
evaporation [8,9] and glow discharge induced sublima-
tion [10]. The difference in properties like the geometric,
electronic structure, optical and vibrational spectra of por-
phyrin may be related to the nature of metal atom at the
center of the porphyrin molecule and the introduction of
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substituent in meso position [11]. One interesting property
of the tetrapyrrole derivatives is their great third-order
optical nonlinearity attributed to their highly polarizable
extended two-dimensional 7 electron system [12,13]. Por-
phyrin thin films have been attracting interest as an or-
ganic material for optoelectronic devices such as optical
data recording media by means of photochemical hole
burning of metal-free base porphyrins [14]. An important
fact emphasizes the significance of thin film spectroscopy
in application to condensed molecular matter. The point
is that due to the weak Van der Waals interaction be-
tween the molecules in the films, their optical properties
are not significantly changed when compared with the free
molecule [15]. Porphyrins present optical absorption and
fluorescence bands in the visible region related to the elec-
tronic transitions of the aromatic systems. The interac-
tions of analytes with porphyrin thin films affect both the
optically active transitions of the single molecule and the
m-7 interactions between macrocycles, giving rise to de-
tectable changes of the optical absorption spectra. This
property allowed developing several opto-chemical sensing
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Fig. 1. (Color online) The molecular structure and details of the NiTPP compound.

procedures [16,17]. The high 7 electron density, resulting
in an extended electron delocalization, makes porphyrins
useful for observing a variety of nonlinear optical effects.
Their sharp absorption bands in the visible and NIR can
be used for resonance enhancement of ) [18]. As well,
they have enormous potential for applications on the tech-
nological front, which include optical limiting [19,20] and
optical switching [21]. They have also been used as organic
semiconductor [22] and bistable devices [23,24]. Despite
the existence of a few reports in the literature studying
some physical properties of Ni (II) tetraphenyl porphyrin,
NiTPP thin films [25-27], much of the optical properties
of NiTPP are unknown. The lack of data in the literature
concerning the optical characterization of NiTPP films
confirms the significance of this investigation. Also, to the
best of our knowledge there is no thorough study of its op-
tical properties, as reported here. Therefore, the objective
of this study is to investigate the structural and optical
properties of thermally evaporated thin films including the
refractive index, n, and the extinction coefficient, k, over
the spectral range 2002500 nm, and examine the effect of
annealing temperatures on their structural, morphological
and optical properties.

2 Experimental procedures

A dark purple crystalline powder 5,10,15,20-tetraphenyl-
21H,23H-porphine nickel (II), NiTPP, was purchased from
Aldrich Chem. Co. and was used as-received without fur-
ther purification. The schematic diagram of the NiTPP
molecular structure is shown in Figure 1. Using Edward
E306A, England coating unit, thin films were prepared by
thermal evaporation under vacuum of 2 x 10~% Pa on ten
glass substrates for structure exploration, and five fused

optically flat quartz substrates for optical measurements.
The glass and quartz substrates were carefully cleaned
by putting them in chromic acid for 15 min and then
they were washed several times with distilled water. Af-
ter that, the substrates were rinsed by isopropyl alcohol.
The substrates were dried in a steam of dry nitrogen and
finally were cleaned by atomic bombardment in an ini-
tial stage of evacuation. Evaporation of the material was
carried out with a quartz crucible heated by a tungsten
coil. The substrates were maintained at room tempera-
ture during deposition. The evaporation rates as well as
the film thickness of the evaporated films were controlled
by using a quartz crystal monitor Edward FTM6 model,
the deposition rate was controlled at 2 nm/s. After the
preparation of NiTPP thin films, the films were divided
into five groups; each group contains a NiTPP film on
glass substrate and the other on quartz substrate. The
first group remained as-deposited at 298 K. The groups
from the second to the fifth were annealed, respectively,
at 423, 473, 523 and 573 K under roughing vacuum at
107! Pa with a soaking time of 1 h. Film thicknesses
were also subsequently calibrated interferometrically by
Tolansky’s method [28].

The crystal structure of 5,10,15,20-tetraphenyl-21H,
23H-porphine nickel (IT), NiTPP, for powder and thin
films was investigated by X-ray diffraction patterns. X-ray
diffractometer, Philips model X’pert, with utilized mono-
chromatic Cu-Ke radiation of A = 1.54056 A and was op-
erated at 40 kV and 25 mA. The diffraction patterns were
recorded automatically with a scanning speed of 2°/min.
Scanning electron microscope Philips XL30 was used to
investigate the structural futures of the surface morpholo-
gies of the NiTPP thin films.

A computer-aided double-beam spectrophotometer
(JASCO model V-570 UV-vis-NIR) was used to measure
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Fig. 2. (Color online) X-ray diffraction patterns of NiTPP in the form of: (a) powder, (b) as-deposited film, (c) annealed film

at 423 K and (d) annealed film at 573 K.

the transmittance 7'(A) at the normal incidence of
the light in the spectral range 200-2500 nm; the
spectrophotometer is also provided with a constant an-
gle 5° specular reflection attachment to measure the re-
flectance, R(\), in the same spectral range. A blank quartz
identical substrate to the one used for the thin film depo-
sition was used as a reference for the transmission scan.
However, the reflection scan was taken using Al mirror as
a reference in the same measured range of the wavelength.
The relative uncertainty for 7'(A) and R()\) measurements
given by the manufacturer is +1%. All structural and op-
tical measurements have been performed on the samples
at room temperature 298 K.

3 Determination of optical constants

The spectral data obtained directly from the spectropho-
tometer were transformed to absolute values after correc-
tions of the absorbance and reflectance of the substrate.

The absolute values of T'and R are given by [29]:

where R, is the reflectance of quartz substrate and I, I,
are the intensities of light passing through quartz system
and reference quartz substrate, respectively.

(1)

R= <If> Ry [(1—Ry)*+1] —T?R,, (2)

I,

where I, is the intensity of light reflected from the ref-
erence mirror, Iy, is the intensity of light reflected from
the sample reaching the detector and R,, is the mirror
reflectance.

In order to calculate the optical constants, the absorp-
tion coefficient, «, the absorption index, &, and the refrac-
tive index, n, of the films at different wavelengths, we can

30201-p3

Samsung Exhibit 1071, Page 3 of 13



The European Physical Journal Applied Physics

use the following equations [30]:

SONE

A
A’

(3b)
1 + R / (@)

where « is the absorption coefficient and d is the film
thickness. The experimental error in measuring the film
thickness was taken as 2%, in T and R as +1% and in
the calculated values of (n) and (k) as £3% and +2.5%,
respectively.

4 Results and discussion
4.1 X-ray diffraction analysis

X-ray powder diffraction, XRD, of 5,10,15,20-tetraphenyl-
21H,23H-porphine nickel (IT), NiTPP, was taken for the
first time in a 260 range from 5° to 55°, and its spec-
trum is presented in Figure 2a. The pattern has many
diffraction peaks with different intensities indicating that
the powder of NiTPP has a polycrystalline nature. The
highest preferred orientation is found along the (2 1 1)
plane. The unit cell parameters of NiTPP were deter-
mined for the first time by using the CRYSFIRE com-
puter program [31]. Therefore, the deduced indexing can
be accepted and the NiTPP lattice as monoclinic with
space group P2/M The lattice parameters; a = 14.622 A,
b= 17566 A, ¢ =11.785 A and 3 = 104.11°. Table 1
shows the Values of Miller indices, (h k 1), for each diffrac-
tion peak together with the interplanar spacing, (dpx),
obtained by using CHECKCELL program [32]. Our check
cell is in agreement with [33-36], but it is in disagreement
with reference [37], this is may be because the authors
have not defined the purity of extracted Ni-porphyrin.
Also, the data of check cell for NiTPP films of thickness
138 nm are in disagreement with reference [38]. May be,
because the structure was considered as a rare example for
a planar nickel (IT) porphyrin, as meso-substituted nickel
(IT) porphyrins with either only meso-aryl or with meso-
alkyl residues typically exhibit a ruffled conformation [38].
The patterns of diffractograms (b)—(d) in Figure 2 indi-
cate that as-deposited and annealed NiTPP films are par-
tially crystallized with a preferential orientation in the
(101) and (21 1) direction. Results also show that an-
nealing temperatures increases the degree of crystallinity
of NiTPP films.

4.2 Surface topology analysis

The surface topography and grain shape growth for as-
deposited and annealed NiTPP thin films are investigated

Table 1. The diffraction spacings, dmeasured, the Miller indices
(h k1), and the relative intensity, I /Iy, for NiTPP in the pow-
der form.

No. 29measured dmeasured dcaloulated I/IO (h k l)
1 8.69054 10.16649 10.196 743  (101)
2 11.68328 7.56814 7.566 253 (010)
3 14.85524 6.06821 6.076 584 (111)
4 15.24562 5.80682 5.815 21.69 (102)
5 17.38391 5.09707 5.098 411 (202)
6 20.05887 4.42298 4.427 100 (211)
7 22.1505 4.00983 4.009 834 (310)
8 22.62015 3.92762 3.927 295 (103)
9 23.32318 3.8108 3.81 1.21 (003)
10 25.18634 3.53296 3.535 6.23 (212)
11 25.63499 3.47213 3.473 58.61 (103)
12 26.94198 3.30659 3.308 317 (221)
13 28.20449 3.16138 3.157 294  (113)
14 30.73265 2.90683 2.907 224 (204)
15 31.87918 2.80486 2.804 1.73  (322)
16 32.78117 2.72971 2.729 16.83 (4 02)
17 34.92044 2.56723 2.567 2.81 (412)
18 37.10033 2.42124 2.416 171 (414
19 38.56727 2.33245 2.332 1.28 (214)
20 38.86828 2.31508 2.315 1.37  (504)
21 39.72460 2.26712 2.266 1.59 (522)
22 40.75012 2.21241 2.213 2.71 (422)
23 44.34830 2.04089 2.041 2.96 (133)
24 46.09813 1.96741 1.969 5.23 (515)
25 50.01447 1.82214 1.82 1.81 (801)
26 50.78751 1.79621 1.796 1.36 (04 2)
27 52.59174 1.73876 1.739 1.71 (63 2)
28 52.71000 1.73513 1.705 1.73 (53 4)

by scanning electron microscopy, SEM, as shown in
Figure 3. The topograph (a) in Figure 3 depicts that
the particles have granular shape of sizes 49.7, 64.7 and
107 nm, some porous regions on the film surface and also
in between the grains [39]. The topograph (b) in Figure 3
depicts the surface microstructure properties of the an-
nealed NiTPP film at 423 K, with nanoporous nature
and a spatial configuration of well-defined grain bound-
ary [39,40]. The topograph (c) in Figure 3 depicts the
influence of annealing temperature at 573 K, higher
aggregates and more pores appear rather than those ap-
pearing in an as-deposited film. We conclude that the crys-
tal growth of the particles is affected by the annealing
temperatures and this behavior can play roles in the film
topographies. In other words, the thermal annealing can
modify the surface topographies of NiTPP films by con-
trolling the aggregate densification and porous properties
of NiTPP [40]; in turn, these effects may be used in con-
trolling the optical properties of NiTPP thin films.

4.3 Optical properties
4.3.1 Transmission and reflection spectra

Figure 4 illustrates the spectral behaviors of transmit-
tance, T'(\), and reflectance, R()), in the wavelength range
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Fig. 3. The SEM micrographs for (a) as-deposited, (b) an-
nealed film at 423 K and (c) annealed film at 573 K NiTPP
thin film.

200-2500 nm for as-deposited and annealed NiTPP thin
films of thickness 138 nm. The spectra can be divided into
two regions: (I) in the wavelength range 200-1000 nm, the
total sum of T'(A\) and R(\) is less than unity, absorption
region, implies the absorption existence and (IT) at longer
wavelength, A > 1000 nm, the film becomes transparent
and no light is scattered or absorbed, 7'+ R ~ 1, in the
non-absorbing region. It can be observed that the behavior

of T and R in the transparent region is the same for all
films before and after annealing; this indicated that all
films have almost the same thickness and are within the
experimental errors +2%. The transmittance edge shifts
toward longer wavelengths as a result of annealing tem-
peratures.

4.3.2 Refractive index spectra

Figure 5 shows the behavior of real part, n, of the
refractive index for as-deposited and annealed NiTPP
thin films. The inset in Figure 5 depicts that the refrac-
tive index for as-deposited and annealed films exhibits
an anomalous dispersion in the range A < 1000 nm, which
can be explained according to the multi-oscillator
model [41]. The refractive index for all films exhibits a nor-
mal dispersion in the range A > 1000 nm, which can be
understood by using the single oscillator model [42,43].
The results for the real part, n, show three
peaks at 210, 300 and 390 nm in the UV range and one
peak in the blue region at 480 nm. The intensities of
these peaks are descending, i.e., decrease with increasing
the annealing temperature. Also, there are two peaks in
the yellow region at 540 and 570 nm; the results reveal
that the positions of the estimated peaks are stable under
the influence of annealing temperatures. The effect of
annealing temperatures on NiTTP thin films is in good
agreement with the results in reference [44].

4.3.3 Absorption characterizations

The absorption coefficient, «, of as-deposited and annealed
NiTPP thin films is calculated by using the absolute values
of transmittance, T'(A), and the reflectance, R()\). Figure 6
depicts the variation of absorption coefficient, «, with the
wavelengths for as-deposited and annealed NiTPP films in
UV-vis spectrum. The conjugated tetraphenyl porphyrin
macrocycle with central nickel atom shows high intense
absorption termed Soret band, which appears in the wave-
length range 330490 nm [45]. The interaction between
two or more molecules in the unit cell of the aggregate re-
sults in two or more excitonic transitions with high transi-
tion moment and the original absorption band (the Soret
band has two peaks, Bx and By at 383 nm and 443 nm,
respectively) splits into two or more by splitting, maybe
due to vibronic coupling in the excited state Davydov
splitting [46]. The absorption peaks and shoulder in the
wavelength region 500-640 nm are named (-band and ex-
tend with longer wavelengths in red and IR region with
lower absorption. The other three closed bands labeled
(N, M and L) appear in the UV region. The peaks of @
and B bands are assigned w-7* transition between bond-
ing and anti-bonding molecular orbitals [47]. The two in-
terband transitions ) and B are from the two highest
occupied molecular orbital (HOMO) levels lay,(7) and
4ag, (m) to the first excited lowest unoccupied molecular
orbital (LUMO) level 5e,(7*) [48,49]. The influence of an-
nealing temperatures on absorption spectra appears with,
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Fig. 5. (Color online) The dispersion curve of refractive index, n (), for the as-deposited and annealed NiTPP thin films,
the inset figure shows the dependence of the anomalous spectrum on the annealing temperature for as-deposited and annealed

NiTPP thin films.

slight, changes in significant broadening in the Soret band Intensities of the absorption bands are evaluated
and red shift of (-bands. These changes indicate an in- by calculating their oscillator strength, f, which is usually
crease in m-conjugations due to the increase in NiTPP  proportional to the area under the absorption line shapes.
planarity [50,51]. The oscillator strength, f, the electric dipole strength, ¢?,
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Fig. 6. (Color online) The optical absorption coefficient, (),
versus wavelength, A, for as-deposited and annealed NiTPP
thin films.

and the absorption half-band width, A\, for the
as-deposited and annealed NiTPP thin films can be
estimated by relating the absorption coefficient, «;, to the
molar extinction coefficient, €y01ar, Which is often used
to describe the absorption of light by nonsolid molecular
media by using the expressions [52,53]:

a(hy) = (ﬁ) X 103 ln(lo)Elnolar

= const. Emolar, (5)

f - 4-3/5molar(y)dya (6)
1 AN
2~ I

q = <2500> Emolar |: 2\ :| ) (7)

where M, is the molecular weight of NiTPP, p,, is the
density of mass and epelar(v) is the molar extinction
coefficient which is corresponding to the transition fre-
quency, v (cm_l). Figure 7 shows the plot of epoar as a
function of wavenumber, (v), for as-deposited and
annealed NiTPP thin films. The calculated values of the
oscillator strength and the electric dipole strength for
as-deposited and annealed NiTPP films are listed in
Table 2.

For a crystalline and amorphous semiconducting mate-
rial, the analysis of optical absorption near the absorption
band edge is a standard method for determining the types
of transitions and calculation of the optical band gap. The
energy dependence of the interband absorption coefficient
for direct and indirect allowed transitions is given by the
following expression [54].

For allowed direct transitions:

a(hv) = By (hv — E;l) vz (8a)
For indirect allowed transitions:
a(hv) = Bina (hv — E™ + E,)° (8b)

In the above equations, E‘gi and E;”d represent the band

gap energies, By and Bj,q are characteristic constant

parameters, independent of photon energy, for direct and
indirect transitions, respectively, and Ep, is the phonon
energy associated to indirect transition. The graph of
(ahv)? versus (hv) is found not to support the interpre-
tation of direct rather than indirect band gap. Figure 8
shows the (ahv)'/? versus (hv) plots for as-deposited and
annealed NiTPP films. The values of indirect optical band
gaps for the as-deposited and annealed NiTPP films are
evaluated from the z-axis intercepts at (ahv)'/? = 0. It
should also be noted that, the optical gap, Egnset, cor-
responds to the onset of optical absorption and forma-
tion of a bound electron-hole pair, or exciton “Frenkel
exciton” [55], but the fundamental energy gap, E,, is the
energy gap between valence band “m-band” and conduc-
tion band “7*-band” [56]. Figure 9 depicts the variation of
Egn“t and F, with annealing temperatures, the anneal-
ing temperature has a significant effect on them; as the
temperature increases from 298 to 573 K, the E; shows
a substantial decrease from 2.58 to 2.39 eV, while E;nset
decreases from 1.92 to 1.15 eV. The decrease in the E;nset
and E,, because of the thermal annealing, results in more
delocalized m-electrons, the lowering of the band gap be-
tween 7 and 7*, and the increase of the optical (7m-7*)-
transition which results in the observed red shift in the
gap [57]. The values of optical gap, E;’“S‘“, and the fun-
damental energy gap, E,, for NITPP, FeTPPCI [44] and
CoMTPP [48] are listed in Table 3.

4.3.4 Dispersion parameters

The observed dispersion behavior can be explained if it
is assumed to be the response of a set of Lorentzian
oscillators of adjustable strength and position [58]. Us-
ing the previous postulation, the refractive index as a
function of photon energy can be analyzed on the basis
of the single oscillator model, for photon energies below
the interband absorption edge. Wemple and DiDomenico
researched dispersion data for more than 100 different
materials, both covalent and ionic and both crystalline
and amorphous, and they introduced two important pa-
rameters: one is named, F4, to describe the dispersion
energy of the refractive index and the second named single
oscillator energy, F,. Using these parameters, the refrac-
tive index can be expressed as [42,43]:

E 1
2 1 —1 _ ° h 2'
(0 = 1) = 22+ () 0
The relation between (n? — 1)~! wversus (hv)? for

as-deposited and annealed NiTPP films is illustrated in
Figure 10. E, and E; are directly determined from the
slope, (E,/E4)~!, and the intersection, (E,/Ey), with the
vertical axis. The calculated values of the dispersion pa-
rameters (E, and Ey), as well as the corresponding high
frequency optical dielectric constant (eo, = n?) for as-
deposited and annealed NiTPP films, are listed in Table 4.

The refractive index data are analyzed to obtain the
lattice dielectric constant for examining the contribution
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Fig. 7. (Color online) Figure (a)—(e) shows the plot of emolar as a function of the frequency, v, for as-deposited and annealed

NiTPP thin films.

of the free carriers and also to indicate the lattice vi-
bration modes of the dispersion. The dependence of the
refractive index on the wavelength can be expressed as
follows [56,59,60]:

N

2
2 2
g1 =N =¢€1, — A

(47r20250) (m*) ’

where £ is the real part of dielectric constant, 7, is the
lattice dielectric constant, e is the elementary charge, ¢,
is the permittivity of free space, ¢ is the speed of light

(10)

and N/m* is the ratio of free carrier concentration to its
effective mass. Figure 11 shows the relation between n?
and A\? for as-deposited and annealed NiTPP films. It
is observed that the dependence of n? on A\? is linear
at longer wavelengths, where extrapolating linear part to
zero wavelengths gives the value of e, whereas N/m*
value is estimated from the slope. The estimated value of
er, and e, for as-deposited and annealed NiTPP films is
listed in Table 4. The value of difference between ., and
er, is decreased with increasing the influence of annealing;
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Table 2. The values of the absorption half-band width, A\, the maximum wavelength, Amax, the oscillator strength, f, and
electric dipole strength, ¢2, for the as-deposited and the annealed NiTPP thin films.

T (K) Oscillator name Amax (nm) AX (nm) f ¢* (A)?  Oscillator name  Amax (nm) AX (nm) f ¢ (A)?

298 Osc 1 164 12 0.015 0.07 Osc 5 259 25 1.22 3.5
423 164 21 0.062 0.28 261 26 1.27 3.62
473 162 22 0.078 0.35 262 27 1.31 3.71
523 162 25 0.097 0.44 261 32 1.39 3.95
573 161 28 0.124 0.56 261 31 1.39 3.95
298 Osc 2 182 9 0.064 0.26 Osc 6 348 93 0.64 1.38
423 182 16 0.149 0.6 343 86 0.93 2.02
473 182 20 0.183 0.74 341 94 1.09 2.38
523 183 23 0.225 0.91 355 11 1.53 3.2
573 184 23 0.244 0.98 355 11 1.54 3.22
298 Osc 3 191 10 0.164 0.63 Osc 7 378 95 1.05 2.25
423 191 12 0.198 0.77 343 86 0.93 2.02
473 191 13 0.226 0.88 378 103 1.76 3.46
523 191 13 0.226 0.87 385 115 2.2 4.29
573 191 13 0.236 0.92 386 116 2.25 4.33
298 Osc 4 237 21 1.1 3.47 Osc 8 404 106 1.28 2.36
423 237 27 1.3 4.09 398 100 1.6 3

473 234 26 1.2 3.66 401 105 2 3.77
523 237 33 1.4 4.46 416 130 2.8 5.05
573 237 33 1.4 4.47 416 130 2.84 5.07

| %4 = )

Onset optical
CbQQ - [ energy gap
EOnset

®wé B

®eé M

we =
L 24

T, [= K]
298 -
423
473
523 7]
573

(ahv)"” (eV/em)"”

® o ¢ > n

» E I
g
Optical energy gap 1]
A N B

06 08 10 12 14 16 18 20 22 24 26 28 30 32
hv (eV)
and photon energy, hv, for as-deposited and annealed NiTPP thin films.

Fig. 8. (Color online) The relation between (ahv)/?
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Table 3. The optical parameters of indirect transitions for the as-deposited and the annealed NiTTP, FeTPPCIl and CoMTPP

thin films.

Film condition

Influence of annealing temperatures

Heat treatment

NiTPP FeTPPC1 [44} CoMTPP [48]
T (K) Eg“set (eV) Epn (meV) E4 (eV) T (K) Egnset (eV) E4 (V) T (K) Eg“set (eV) Eq4 (eV)
As-deposited 298 1.92 — 2.58 298 1.63 2.49 298 1.58 3
Annealed 423 1.49 47 2.53 423 1.61 2.42 — — —
473 1.44 34.6 2.48 473 1.56 2.24 — — —
523 1.19 317 2.45 523 1.51 2 — — —
573 1.15 283 2.39 - — - 573 1.16 2.83
2.0 2.60 8
—o—E T, [=K]
20 m 298
—e—E ™ 4255 7 .
18 = .
% 4 -S(MI”\: ag 6
s b @
£
S 4245

2.40

300 350 400 450 600

T (K)

500 550

Fig. 9. (Color online) Variation of the energy gaps Eg"*** and
EgP* as a function of annealing temperatures for as-deposited
and annealed NiTPP thin films.

0.4

-1

0.1 " 1 " 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6

(hv)’(eV)’

Fig. 10. (Color online) The plots of (n? — 1)~" versus (hv)?
for as-deposited and annealed NiTPP thin films.

this means that the lattice vibration and bounded
carriers in an empty lattice in the transparent region de-
crease with the increase of the annealing influence [61,62].

One interesting property of the tetrapyrrole derivatives
is their great third-order optical nonlinearity attributed
to their highly polarizable extended two-dimensional

0 2 4 6
A7 (um)®

Fig. 11. (Color online) The plots of n? versus A? for as-
deposited and annealed NiTTP thin films.

m-electron system. According to Miller’s generalized rule
[63,64], the estimated values of the third-order nonlinear

optical susceptibility, x(3), for the as-deposited and an-
nealed NiTPP films are calculated and recorded in
Table 4 from the following equation [42,43,56,65]:

A
(3) —
T

211",

(11)

where A is a quantity that is assumed to be frequency in-
dependent and nearly the same for all materials,
A~ 1.7x 10719 esu [63,64], and the third-order nonlinear
optical susceptibility, x(*), in the limit hv — 0 (n = n,).
The different processes for determining the value of third-
order nonlinear optical susceptibility are anticipated to
be a base for the production of all high-frequency ultra-
fast optical switches and photonic devices [66]. Accord-
ing to the thermal stability of NiTPP [67], the estimated
peaks for as-deposited and annealed NiTPP thin films
are 1.08, 2.58 and 3.18 eV which show an optical switch-
ing behavior [68]. Where the third-order nonlinear optical
susceptibility reaches its maximum value at the first esti-
mated peak 1.08 eV and decreases to its minimum value
when the photon energy is equal to the value of the onset
optical absorption energy for as-deposited and annealed
NiTPP films.

30201-p10
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Table 4. The dispersion parameters of the as-deposited and the annealed NiTTP thin films.

Film condition 7T (K) FE, (eV) Eg(eV) e €L N/m* (kgf1 m73) x<3> x 10712 (esu) ap (A3)
As-deposited 208 1.85 7.7 52 6.5 4.6 x 10°° 2.05 88
Annealed 4923 2.12 8 485 5.87 4.8 x 10°° 1.38 85
473 2.3 9.1 491  6.03 4.2 x 10°° 1.66 85.6
523 2.45 10.2 512 6.2 3.9 x 10°° 2.04 87.5
573 2.6 10.6 5.04  6.06 4.0 x 10°° 1.87 86.8

hv (eV)

Fig. 12. (Color online) The plots of (a) the real dielectric con-
stant, £1, and (b) the imaginary dielectric constant, €2, versus
photon energy, hv, for the as-deposited and annealed NiTPP
films.

4.3.5 Dielectric constant

The complex dielectric, €, constant is an important quan-
tity for the design of highly efficient optoelectronic devices,
because the dielectric constant gives amenable character-
izing view about the interactions between photons and
electrons in a material. These interactions can be observed
on the shapes of the real, 1, and imaginary, eo, parts of
the dielectric constant in the dielectric spectrum [69-71].
The complex dielectric constant is described by:

g (hl/) =1 (hV) + ieo (hl/) R (12)

where g1 (= n? —k?) is the real part and g3 (= 2nk) is the
imaginary part of the dielectric constant. Figure 12a and
b shows the spectra of real and imaginary parts which are
called dispersion and absorption curves, respectively. The
behavior of £; follows the same trend as (n), whereas the
behavior of 2 mainly follows the behavior of (k) which is
related to the variation of with photon energy.

The molar refractivity, e, (molar polarizability), of
NiTPP films can be deduced according to Clausius-
Mossotti’s equation [72-75]:

o

The molar polarizability is calculated and listed in Table 4,
where the obtained values of the high-frequency dielectric
constant, £, and the lattice dielectric constant, 1, reveal
that the electronic polarizability has primary control. The
low value of dielectric constant and molar polarizability
are candidates for the application of multilevel intercon-
nections as insulators [76,80].

3M,,
47rpmNA

€00 — 1
€00 + 2

(13)

5 Conclusion

The XRD obtained for NiTPP powder and thin films con-
firms that the material is polycrystalline with monoclinic
structure. Miller indices, h k [, values for each diffrac-
tion peak were also calculated. SEM topographs of as-
deposited NiTPP films depicted that the prepared films
with a nanoporous nature and its microstructure con-
tain nanoscaled granular particles of sizes 49.7, 64.7 and
107 nm. The films’ topography and porosity were increased
after the annealing process at 423 K and 573 K in compar-
ison to the prepared films at 298 K. The deduced analy-
sis of the topographical and microstructural properties of
SEM topographs before and after annealing may be useful
to modify the NiTPP thin films under the influence of an-
nealing temperature to obtain predictable changes in the
optical properties of NiTPP thin films before and after
annealing. The optical properties of NiTPP thin films be-
fore and after annealing have been studied in the spectral
range of 200-2500 nm. The recorded absorption spectra
in the UV-vis regions show two absorption bands of the
NiTPP molecule, the Soret (B-band) and the @-band. The
peaks of @ and B bands are assigned of m-7* transition be-
tween bonding and anti-bonding molecular orbitals. The
annealing temperatures have an effect on the excitonic
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and impurity levels, which may be due to the change in
the microstructure of the film.

On the other hand, the analysis examines the change
in the refractive index of the as-deposited and annealed
films. The calculations of the molar extinction coefficient,
€molar, for NiTPP thin films under the influence of an-
nealing temperatures included a theoretical study using
Gaussian distribution fitting, in order to calculate the os-
cillator strength, f, and electric dipole strength, g2, which
was useful to predict the probable transitions. The optical
absorption edges are described using the band transition.
The allowed transitions were found to be indirect tran-
sitions. The first transition, optical gap, Egnset, or exci-
tonic gap and the last one, £, is the fundamental energy
gap, and between them there are one or two transitions
corresponding to the trap transitions. The utilized
annealing temperatures have an effect on the excitonic
and impurities levels, which may be due to the change
in the microstructure of the film, where the former value,
E°rset was found to decrease from 1.92 to 1.15 eV and the
latter value, E,, to decrease from 2.58 to 2.39 eV
by increasing the annealing temperature from 298 to
523 K.

An interpretation of single oscillator parameters and
free carrier absorption model has been described for the
analysis of refractive index dispersion before and after an-
nealing. The values of the calculated dispersion parame-
ters such as oscillator energy, F,, and dispersion energy,
FE4, were found to increase from 1.85 to 2.6 eV and 7.7
to 10.6 eV, respectively. The third-order nonlinear opti-
cal susceptibility, ¥®, and molar polarizability, oy, are
also calculated for as-deposited and annealed NiTPP thin
films.
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(Solid State Physics Department, Solid State Electronics Lab,
National Research Center, Dokki, Cairo, Egypt) and Dr. A.M.
Hassanien, and Dr. E.F.M. El-Zaidia (Thin Film Laboratory,
Physics Department, Faculty of Education, Ain Shams Univer-
sity, Egypt) for their valuable discussion.
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