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Abstract

Pristine thermally evaporated nickel-(II)-tetraphenyl-21H,23H-porphyrin (NiTPP) thin
films are amorphous, but after 4 and 8 h of UV illumination, the films become crystal-
line with preferred orientations of (112), (103) and (004) and crystallite sizes of (13, 18,
16) and (42, 31, 38) nm after 4 and 8 h, respectively. After UV illumination for 4 and 8 h,
the NiTPP thin films are characterized by blueshifted absorption coefficients, increasing
the optical and fundamental gap values and decreasing the dispersion parameter values.
The dielectric properties display energy storage regions corresponding to the peak values
of optical conductivity, which provides an elegant confirmation of the tailoring and tun-
ing of band gaps, energy storage properties and optical conductivity by UV illumination
time. Therefore, NiTPP films may be good candidates for environmental and energy stor-
age applications.

Keywords Phase and optical properties - Energy conversion and storage - Photovoltaic
system - Optical conductivity - Nanomaterials - Thin films

P4 A. El-Denglawey
a.denglawey @tu.edu.sa; denglawey @yahoo.com
Physics Department, Turabah University College, Taif University, Turabah 21995, Saudi Arabia

Nano & Thin Film Laboratory, Physics Department, Faculty of Science, South Valley University,
Qena 83523, Egypt

Physics Department, Faculty of Science, Princess Nourah Bint Abdulrahman University, Riyadh,
Kingdom of Saudi Arabia

Science & Technology Department, Rania University College, Taif University, Rania 12975,
Kingdom of Saudi Arabia

Physics Department, Faculty of Science, Suez University, Suez, Egypt

Chemistry Department, Faculty of Science, King Faisal University, 380, Al Hassa-31982,
Al Hofuf, Kingdom of Saudi Arabia

Chemistry Department, Faculty of Science, Sohag University, Sohag-82534, Egypt

Department of Physics, Damietta Cancer Institute, Damietta, Egypt

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-021-02972-2&domain=pdf

343 Page2of17 A.El-Denglawey et al.

Abbreviations

o Absorption coefficient,

E;f " Indirect optical gap

r Index (1/2, 3/2, 2, 3) to decide the available electronic transition

A Constant represents the quality of the material (A =4no,;, / ncAE;)
onin  Metallic conductivity

AE,,; Tail broadening; AE, ;= AE—AE,

k Extinction coefficient

N/m*  Carrier concentration ratio to the effective mass

e Lattice dielectric constant

Velocity of light
Elementary charge
Permittivity of free space
Ey Dispersion energy

E, Oscillator energy

€o High frequency dielectric constant

n, Static refractive index

€ Dielectric constant

€, &  Real and imaginary parts of the dielectric constant €
c Optical conductivity

6,,0, Real and imaginary parts of ¢

® Angular frequency

1 Introduction

Different types of energy are the basic constituents of human activities. Therefore,
the demand for energy will increase (Fella et al. 2020; Alptekin et al. 2020) due to the
increase in population; agriculture; medicine; industry; transportation; scientific research;
health; military and civil aspects; communications; electronics and new issues, such as the
COVID-19 crisis. (Hassan and Al-Ta’ii 2020). Therefore, decreasing energy consumption
is no longer optional but compulsory, and energy should be saved to satisfy the above-
mentioned purposes (Alptekin et al. 2020; El-Denglawey et al. 2020; Zhang et al. 2016).
Energy conservation, savings and storage (ECSS) as a clean energy method can be used
to avoid adverse influences on the environment and to counter energy shortages (Alptekin
et al. 2020; El-Denglawey et al. 2020; Zhang et al. 2016).

Easily excited electrons and highly dielectric materials can be used to increase the
ECSS, in which conductivity depends on the dielectric constant, capacitance and conse-
quently on the area of panels that are used in the manufacture of capacitors for energy stor-
age applications (Zhang et al. 2016; Vidya and Thomas 2018).

NiTPP, as an organic semiconductor, has many advantages for use in ECSS applica-
tions. NiTPP shows stable thermal and chemical properties, and it can be thermally evapo-
rated to form high quality thin films (Anderson 1999) that are stretchable, highly flexible,
rollable (Savagatrup et al. 2014), and deformable. Additionally, NiTPP is a high softness
material with m-conjugation (Chortos et al. 2014). NiTPP is lightweight and has a high
absorption coefficient in the visible range, allowing for inexpensive photovoltaic (PV)
panels (Pfeiffer et al. 2003; Tang 1986). NiTPP can be synthetically tuned (Lukyanov and
Andrienko 2010). Furthermore, NiTPP can undergo low temperature deposition techniques
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independent of substrate defects, and can be easily deposited on different substrates; more-
over, it is easily modified, able to be mass produced (Jason 2012) and harmless to the envi-
ronment (Chen et al. 2019).

NiTPP as an organic semiconductor thin film has a wide range of applications: ECSS,
PV devices, flexible PV panels (Root et al. 2017), photodetectors, light-emitting devices,
photocopiers, stretchable batteries (Kaltenbrunner et al. 2010), laser printers (Pfeiffer et al.
2003), robust portable devices, organic transistors, storage media (Jason 2012), and high-
power electrochemical energy-storage systems; furthermore, it can undergo light energy
conversion, and may be used as potential electrodes in batteries (Gao et al. 2017; Karger
et al. 2019).

The characterization and properties of organic or inorganic materials may be affected
by different operators (El-Denglawey et al. 2018), such as physical and/or artificial aging
for a short or long time (Saiter 2001; El-Denglawey et al.; 2016; El-Denglawey et al; 2015;
Alburaih and El-Denglawey 2017), annealing (Ozdal et al. 2020; Al-Harbi et al. 2020),
illumination (Li et al. 2020), deposition method (Al-Asbabhi et al. 2020), preparation factors
(Alburaih and El-Denglawey 2017), chemical ratios (Figa et al. 2015), doping (Kulyk et al.
2020; Leo and Hummert 2013), chemical purity (Andirova et al. 2016), material form (thin
or bulk) (Deepthi et al. 2020), thickness (Idris et al. 2020), structural phases and param-
eters (Souleh et al. 2020; Kumar et al. 2020), alloying (Yang et al. 2020), film holder type
or substrate (Wang et al. 2020), application of electric fields (Smokal 2020), and radiation
(Tamilselvana et al. 2014).

Radiation has thermal and PV applications and is divided into natural and artificial
sources (Kambezidis 2012). The solar spectrum, as natural radiation, contains ionizing or
high-energy radiation, such as ultraviolet (UV) radiation, and nonionizing or low-energy
radiation, such as infrared (IR, also called thermal radiation), visible light (Vis.), micro-
wave and radio waves (Kambezidis 2012; Saad et al. 2019).

The solar spectrum consists of UV (6%), Vis. (52%) and IR (42%) inside the atmos-
phere and 8%, 39% and 53% outside the atmosphere (Moan 2001). UV, as a partial compo-
nent of the solar spectrum, is considered ionized or high-energy radiation, so it may affect
the structural, optical and storage energy properties of NiTPP films.

The blueshift, dielectric properties and optical conductivity of NiTPP films as a func-
tion of UV illumination time for energy storage applications have not been reported thus
far according to available data. Therefore, the above properties are the aims of this article.

2 Experimental

NiTPP films (300 nm) were prepared by a thermal evaporation technique from powder
NiTPP (6 N purity) provided by Sigma-Aldrich Company on a glass substrate for X-ray
diffraction (XRD) and on a quartz substrate for optical property measurements using an
Edwards coating unit (E306A, UK).

To illuminate the NiTPP films for 4 and 8 h, the detector was placed at a distance of
2.0 cm from the UV source. The UV illumination process was carried out by utilizing a
UV lamp with a power of 8.0 W.

A Philips-1710 X-ray diffractometer with the following qualifications was used to study
the structural properties: CuKa radiation source (A=1.5406), 300 K, 40 kV, 30 mA and a

scanning speed of 3.761 min~".
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The crystallite size (D) was determined by the Scherrer equation (Warren 1953; Wil-
liamson and Hall 1953; El-Nahass et al. 2016; El-Denglawey et al. 2018a; Soliman et al
2015):

LA
b= pcosb (1

where L and f§ represent the constant of unity value and the full width at half maximum
(FWHM) of the peak in radians, respectively.

A computerized Shimadzu UV-2100 double-beam UV-VIS scanning spectrophotometer
was used to measure the transmittance (T) and reflectance (R) for the as-prepared and UV-
illuminated NiTPP films at a normal incidence within a wavelength range (200-1100 nm)
for optical property characterization.

Further details can be found at El-Denglawey 2018 (Dongol et al. 2004, 2016).

The following chart contains 10 (2—11) equations that describe and summarize the pro-
cedure of how optical properties and optical constants can be calculated depending on the
T and R data in this scenario and the details are described in (Tauc 1976; El-Denglawey
2018a; El-Denglawey et al. 2016, Wemple and DiDomenico 1970; Tanaka 1980; Dongol
et al. 2004).

3 Results and discussion
3.1 Structural properties

The structure of NiTPP has been reported by many researchers (Smith 1975; Gamboa
et al. 2010; Dongol et al. 2012; Al-Muntaser et al. 2018;), as shown in Fig. 1a. XRD of a
pristine NiTPP film shows an amorphous structure, as shown in Fig. 1b. No sharp peaks
can be identified, and only a hump within 26 (13.8-37.4°) is observed, which character-
izes the amorphous phase (Warren 1953; Williamson and Hall 1953; El-Denglawey et al.
2020; El-Nahass et al. 2016; El-Denglawey 2018; Soliman et al. 2015). The structure of the
NiTPP films is developed, and the crystalline structure is pronounced after 4 and 8 h of UV
illumination.

Three XRD peaks are revealed at 26=15.19°, 20.13°, and 25.43° corresponding to pre-
ferred orientations of (112), (103) and (004), respectively (see Fig. 1c,d). Proceeding with
the experimental techniques (Warren 1953; Williamson and Hall 1953; El-Nahass et al.
2016; El-Denglawey 2018a; Soliman et al. 2015), the calculated crystallite sizes at 4 and
8 h of UV-illumination provide NiTPP films that are (13, 18, 16) and (42, 31, 38) nm,
respectively. One can observe that the 20 range of the three identified peaks is already
included within the 20 range of the hump representing the amorphous state (13.8-37.4 °).

This observation provides more structural details (Warren 1953; Williamson and Hall
1953; El-Denglawey 2018). The amorphous hump contains three primary overlapping
peaks, which can be identified with further UV illumination time.

In detail, a material is called amorphous if it is prepared by melt quenching or super-
cooling as a bulk or thin film on a substrate. Therefore, the produced material is stressed
and contains many defects.

There is not enough time for atoms to satisfy and order their bonds. NiTPP films
are deposited at room temperature, and consequently, chemical bonds can not satisfy
their required electrons, so dangling bonds and localized states are introduced. Dangling
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Fig. 1 Molecular structure and XRD of NiTPP films

bonds and localized states, which are known as defects, create band tails through the
band gap (Tauc 1976; Trugler 2016; El-Denglawey 2018a). Therefore, it is normal to
expect pristine NiTPP films to be amorphous, and the result of this issue causes a hump
in Fig. 1b. UV illumination of the NiTPP films for 4 and 8 h provides sufficient energy
to these dangling bonds or defects to satisfy their bonds; consequently, more ordered
and preferred orientations, namely, (112), (103) and (004), appear with the above men-

tioned calculated crystallite sizes, as shown in Fig. 1c,d.
The increase in D values provides an elegant confirmation of the structural
improvement, which coincides with the findings of (Makhlouf and El-Denglawey

20181-Denglawey 2018).
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3.2 Optical properties
3.2.1 Tand R characterization

According to the proceeding experimental sequence, T and R are measured and illustrated
in Fig. 2. The values of T are enlarged, and its values at A=1100 nm are 85, 88 and 92 for
pristine, 4 and 8 h of UV illumination, respectively, while R is the opposite. T displays a
wavy shape within the absorption region (A=400-750 nm), and a blueshift is observed
(El-Denglawey et al. 2010).

The absorption process occurs through this region, and direct or indirect electronic tran-
sitions may be available (Tauc 1976; El-Denglawey 2018; Mott and Davis 1971; Pankove
1971). No significant changes can be observed within the transparent or nonabsorbing
region at A>750 nm (El-Denglawey et al. 2020; Wemple and DiDomenico 1969; Mott and
Davis 1971; Pankove 1971).

3.2.2 Absorption coefficient, skin depth and optical gap calculation

Briefly, a can be estimated using Eqgs. 2—4 in the flow chart. The obtained values of a
show that both pristine and UV-illuminated NiTPP films are high absorption materials,
a>10* cm™! (Tauc 1976; Mott and Davis 1971; Pankove 1971; El-Nahass et al. 2012).

It was reported that (Barmak and Coffey 2014) the skin depth (y) corresponds to the
penetration distance of the electric field of the incident light through the pristine and UV-
illuminated NiTPP films.

Herein, vy is identified as the inverse of a, y=(1/a) (see the flow chart). At low energy or
at a high wavelength and low frequency, the skin depth becomes large due to the transpar-
ency of the film and the absence of the absorption process (Gilberdt 1982). More knowl-
edge about vy is available at (Qiang et al. 2018).

Figure 3a,b shows the relation between y and A. At low values of A, hv corresponds to its
topmost values. The NiTPP films absorb the hv of the incident UV illumination and conse-
quently inhibit an increase in y. As A increases, the hv values become low and o decreases.
Accordingly, y increases and tends to its topmost values, while the values of o decrease and
disappear due to the transparency of the NiTPP films in the nonabsorbing region.

Fig.2 T and R of NiTPP films 1.0
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Two energy gaps are observed (Tauc 1976; Mott and Davis 1971; Pankove 1971; El-
Denglawey et al. 2015): an optical gap (E;p ") of approximately 2 eV and a fundamental gap
(Eq of approximately 2.5 eV.

An indirect electronic transition is observed according to the calculated value of “r”
(r=2). Accordingly, the indirect optical gap (E;f7 ") and the constant A are calculated using
egs. 5 and 6 (see Fig. 4).

The electronic transition types and other details are available at (Tauc 1976; Mott and
Davis 1971; Pankove 1971; El-Denglawey 2018; Figa et al. 2009).

Tabulated values of Eof ! E, and the constant A reveal a blueshift in the absorption edge
because of the 4 and 8 h of UV illumination, as shown in Table 1 (El-Denglawey et al.
2010). Combining the structural details with the optical characterizations provides specific
explanations of the increased values of E"f’ ' Eg and the constant A. The blueshift of T
means that the T-curves have shifted to shorter wavelengths (high energy), which causes
increasing values of E”f '. When the pristine NiTPP films are exposed to UV illumination

for 4 and 8 h, the films absorb the UV illumination energy. The dangling bonds or local-
ized states that cause the amorphous structure hump in Fig. 1b exploit the absorbed energy
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to reorder themselves. Therefore, the band tails of the defects decrease, more structural
improvement is produced, and the crystalline phase appears as new peaks in Fig. 1c,d. The
decrease in band tails is accompanied by an increase in the absorption edge, absorption
process and indirect electronic transmission.

The increase in the absorption edge is known as a blueshift. As a result of this issue,
E(’f ' Eg and the constant A values are increased (Mott and Davis 1971; Pankove 1971;
Tauc 1976; El-Denglawey 2018a). According to (Wang et al. 2019), the increases in the
E"f ! E, and constant A values leads to an improvement in the energy storage properties
of NiTPP. The obtained data agrees with (Hassan and Al-Ta’ii 2020; Makhlouf and El-
Denglawey 20181-Denglawey 2018).

3.2.3 Refractive index and dielectric properties

The determination of (n) values was processed according to Eq. 7 (Wemple and DiDomen-
ico 1970; El-Denglawey 2013) and is shown in Fig. 5. The n value shows both anomalous
and normal dispersion at A <750 nm and A> 750 nm, respectively, and the k values tend to
zero at A>750.

Furthermore, N/m* can be estimated according to Eq. 8 from the slope of the n? vs. A2
relation, while g; = (nz) can be estimated from the intercept, as illustrated in Fig. 6.

E,. E; and £, can be determined according to Eq. 9 from the slope and the intercept of
(nz(hv) - 1)_1 vs. (hv)? (Wemple and DiDomenico 1969; El-Denglawey 2020), as shown
in Fig. 7.

Table 1 shows the obtained increased values of N/m" and the decreased values of €, 1,
E, Ey €, and n; (g, =n02), which coincide with (Alburaih and El-Denglawey 2017).

The dielectric constant (¢) and its two parts, real (¢;) and imaginary (¢,), are correlated
to n and k, as shown in Eq. 10 (Wemple and DiDomenico 1969; El-Denglawey 2020). Fig-
ure 8a,b displays the €, €, and loss tangent (tan (d) vs. (hv)) as a function of 4 and 8 h UV
illumination. The curves of ¢, and ¢, decrease as the UV illumination time increases. There
is a feature difference between ¢, and ¢, due to the effect of k. The ¢, values are higher than
€,, which finally indicates that ¢, is seriously affected by k; in contrast, €, shows the oppo-
site behavior (Moss 1973). ¢, and ¢, display a maximum peak edge that starts at approxi-
mately 2.5 eV and shifts to higher energy values with an increasing UV illumination time.
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Fig.5 nand k of NiTPP films

Fig.6 n’ Vs \? of NiTPP films

Fig.7 (n®>—=1)"! Vs (hv)? of
NiTPP films
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Recently, substances with high dielectric properties and low loss tangent (see
Fig. 8a,b) have been shown to be good candidates for dielectric and energy storage
applications (Zhang et al. 2016; El-Denglawey et al. 2020; Vidya and Thomas 2018).
The loss tangent shows two maximums around energy values of E:f’ " and E,; the top-
most value of tan (8) is 0.51 and corresponds to 8 h of UV illumination. The obtained
value of tan (8) shows that the pristine and UV-illuminated NiTPP films are character-
ized by low energy loss (Zhang et al. 2016; Vidya and Thomas 2018). Accordingly,
this result highlights the energy storage property of the NiTPP films as a function of
UV illumination time, and the energy storage region can be elucidated in Fig. 8a,b.
The value and the area of the two maximums of €, and ¢, decrease with an increasing
UV illumination time, which demonstrates that the energy storage properties of the
pristine and UV-illuminated NiTPP films can be tuned and tailored by the UV illumi-
nation time.
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3.2.4 Optical conductivity

The optical conductivity (c (o, and o,)) represents the response of the material to electro-
magnetic wave photon absorption. Additionally, o provides some details about the struc-
tural and optoelectronic properties of the material (Marton et al. 1955; Ching et al. 1989).

As shown in Eq. 11, o and e are correlated; thus, 6, and o, can be calculated as
described before. Figure 9a,b shows both ¢, and 6, vs. hv as a function of UV illumination
time.

After focusing on ¢, €,, 6, and o, in Figs. 8, 9a,b, 6, and ¢, show a behavioral resem-
blance, and 6, and ¢, are consistent with Eq. 11. (Fig. 10).

It is possible to discern that 6, and ¢, display two peak edges, and these modest and
prominent peak edges start at approximately hv=2 eV and 2.5 eV, respectively. The mod-
est peak edge is ascribed to indirect electronic transition within the band tails, which corre-
sponds to E"f !, while the other edge is ascribed to the electronic transition between valence
and conduction bands and corresponds to E,.

In summary, at low energy, a high density of localized states (first peak) tends to shift
to a lower density at high energy (second peak) based on the UV illumination time (Tauc

Fig.9 o, and 5, Vs (hv) of 2.5x10°
NiTPP films —— Pristine (a)

2.0x10° o

1.5x10° o
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Fig. 10 Flow chart of the equations

1976; Mott and Davis 1971; El-Denglawey 2020). Consequently, during the transition
stage from a high to a low density of localized states (order enhancement), the peak of
optical conductivity increases from the modest to the prominent peak and shifts to higher
energy. Accordingly, the UV illumination time causes a shift in the edges of the two peaks
of 0, and ¢, and o, and ¢, to a higher energy. Furthermore, o, and ¢, display a broad peak
below 2 eV due to the low attenuation of incident light and low absorption process (the
topmost values of the skin depth), while 6, and ¢, exhibit consistent 6, and ¢, second peaks
at a high energy. These results show that the features of ¢, and ¢, are due to &, and o,
because ¢; and ¢, track n and k, respectively (El-Denglawey 2020). This result indicates
that both 6, and &, can be tailored and engineered using the UV illumination time.

4 Conclusions

UV illumination times of 4 and 8 h were applied to pristine thermally evaporated NiTPP
thin films. The pristine films were amorphous, and after 4 and 8 h of UV illumination,
the NiTPP thin films turned to the crystalline phases with preferred orientations of (112),
(103) and (004) at 20=15.19°, 20.13° and 25.43°, respectively; furthermore, crystallite
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sizes of (13, 18, 16) and (42, 31, 38) nm are obtained after 4 and 8 h of UV illumination,
respectively.

Transmission exhibits a blueshift, and its values increase while the reflectance values
decrease. Due to the increase in structural order because of the 4 and 8 h of UV illumi-
nation, the Eof ’ E, and constant A values increase. The optical constants are also seri-
ously affecte(f Moreover, N/m" shows increased values, while n, E,, E;, €, and e show
decreased values.

The prominent peaks observed for €, and €, correspond to the maximum conductivity
(0, and o,), which provides an elegant confirmation that the NiTPP films would be good
candidates for energy storage applications because they can be tuned and engineered by the
UV illumination time.
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