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Abstract We have studied optical and electrical properties of semiconducting Zinc Oxide (ZnO) nanoparticle systems
and the fluorescent matrix of Tris-(8-Hydroxyquinoline) Aluminium (Algs). To understand these properties we have
synthesized ZnO nanoparticles of different particle sizes ranging from ~23 nm to ~110 nm via aqueous sol-gel technique
followed by annealing at high temperature and prepared Algz compound of planar shaped micro particles. Algs/ZnO
nanocomposites which are prepared by mixing and grinding in specific volume fraction ratio are then used for measuring
dielectric properties at room temperature. Measurement techniques like X-Ray Diffraction (XRD), Ultraviolet (UV)
Spectroscopy and Fourier Transformation Infrared (FTIR) Spectroscopy are used to determine optical and chemical
properties of ZnO and Alg; constituents. In addition Field Effect Scanning Electron Microscopy (FESEM) together with
Energy Dispersive X-Ray Spectroscopy (EDS/XDS) is used to study structural properties, particle morphology and elemental
phase analysis of ZnO nanoparticles and Algs powder. An impedance analyser of frequency range 20 Hz to 25 KHz is further
used to determine dielectric constant of varying composition of Algs and ZnO in Algs/ZnO nanocomposite systems. Overall
this paper intends to report the synthesis and fabrication techniques, and characterization of composite materials derived from
ZnO and Alqgs. We further give an outline of some of the promising applications in organic electronics like organic light
emitting diodes (OLEDs), organic photovoltaic cells (OPVC) etc.
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applications [3].

1. Introduction

Ever since the discovery of highly conducting polymers

as it was reported in 1977 by Heeger A.J., MacDiarmid A.G.

and Shirakawa H. [1], who eventually received the 2000
Nobel Prize in chemistry for the discovery and development
of conductive polymers [2], there has been an ever
increasing research interest in studying the electronic and
optical properties associated with organic semiconductor
materials. In essence this obsession was mainly stimulated
by the belief that organic semiconductor materials together
with their promising properties could be the best material
alternatives to replace the inorganic semiconductor
materials in electronic and optoelectronic device
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Evidently, specialized fields like plastic electronics and
the physics of organic semiconductors emerged primarily
to fill up the knowledge gap brought by the discovery of
these conducting polymers and to promote research studies
aimed at enhancing our understanding of these conjugated
polymers [4]. One of the most peculiar properties attributed
to these conducting polymers is their structural flexibility
which has recently been exploited to aid in designing highly
efficient organic light emitting diodes (OLEDSs) in foldable
multi display panels as is the case with portable devices like
smartphones, thin-film field-effect transistors (TFTs) and
organic photovoltaic cells (OPVC) for making efficient and
low-cost solar energy conversion devices [5] [6] [7].

Electronic and optoelectronic devices are however very
sensitive devices and usually work well within specified
boundary conditions. Hence any design attempts that
require advanced application of these conducting
polymers necessitates the requirement for having precise
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calibration and high optimization of material properties
which are in some ways derived from heterogeneous
material constituents [8]. In particular, we may consider
optimization of charge injection (or extraction) and charge
carrier transport. These techniques and many others like
optimization of quantum efficiency are very crucial in
enabling technological success in the listed applications.

In  optoelectronic  organic  semiconductor  device
applications like organic light emitting diodes (OLEDs),
Tris-(8-Hydroxyquinolines) Aluminium (Algs) is one of the
well-known and commonly used industrial materials for
manufacturing such devices. Algs has a wide spectrum of
desirable properties for the purpose which includes good
thermal stability, high fluorescence activity, and good
electron mobility. This is why it is mostly used as electron
transport layer in organic optical devices. Moreover Algs
is easy to synthesize with low cost techniques. The
highlighted properties and many others qualify Algs as an
ideal host emitting material in OLED devices. Nevertheless,
it has been reported that environmental aging compromises
stability and photoluminescent efficiency in most devices
based on Algz [9]. In an effort to overcome the stated
material deficiencies; recent studies have reported that
Algs/Zinc Oxide (ZnO) nanocomposites exhibit improved
stability and achieve relatively higher values of
photoluminescent efficiency in light emitting devices as
compared to the bare Algs compound [10] [11]. Figure 1
below illustrates the molecular structure of Algs (Right) and
depicts its usage as an electron transport layer (ETL) and
luminophore (i.e. emissive layer) in a bilayer OLED device

(Left).
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Figure 1. Algs luminophore in a bilayer OLED device (Left) and Algs
Molecular Structure (Right) [12]

This experimental work is primarily aimed at fabricating
Algs/ZnO nanocomposite systems from different percentage
weight fraction ratio constituents of the synthesized Algs
yellow-green compound and ZnO nanoparticles. Elemental
analysis and optical characterizations will be studied
along with dielectric measurements to further establish the
stoichiometric ratios, energy bandgap (Eg) and dielectric
properties of the synthesized ZnO and Alg; compound.

The objective and motivation behind this work is to
be able to synthesize and fabricate organometallic
nanocomposite systems of Algs/ZnO with tunable material
properties for specific optoelectronic applications. For
instance, by varying and fine tuning the Eg of the Algs/ZnO
nanocomposite systems we can easily achieve multiple
emission spectra and improve electron injection [28]. This

work represents a preliminary study on fabrication of
Algs/ZnO Nanocomposite systems with enhanced quantum
and photoluminescent efficiency as it has been reported that
the highest composite films of Algs/ZnO containing 30 wt%
of ZnO exhibit maximum luminescence yield [29].

2. Experiment & Methodology

This section mainly describes the experimental setups
used in this research work. It also lays down a detailed
description of synthesis and fabrication techniques that were
used for preparation of all the materials and their respective
composites.

2.1. Materials & Tools

Materials used in our experimental setup were
purchased from different chemical dealers based on
availability and the desired purification quality. For the
synthesis of Zinc Oxide (ZnO), the main reagents were
Zinc Acetate Dihydrate ([Zn(CHsCO,),].2H,0), Sodium
Hydroxide (NaOH), Ethanol (C,HsOH) and distilled
water (H,O). Furthermore, the reagents used for the
synthesis of Tris-(8-Hydroxyquinoline) Aluminium (Algs)
[AI(CgHgNO)s]  were essentially  8-Hydroxyquinoline
(CgH;NO), Aluminium Nitrate [AI(NO3)s], Ammonium
Hydroxide [(NH,;)OH] and Isopropyl Alcohol (i.e.
Isopropanol) (CsH;OH). The experimental tools included
general chemistry glassware (i.e. beakers, stirring rods,
dishes etc.), spatula, magnetic stirrers, sample bottles,
scintillation oven, thermometers, mortar & pestle, crucible,
pellet making machine (i.e. die assembly set), digital
weighing scale etc.

2.2. Synthesis Techniques

Two types of materials were basically prepared (i.e. ZnO
nanoparticles and Alqgs; yellow-green powder respectively)
each with its own synthesis procedure and techniques as
described in the subsections (2.2.1) and (2.2.2). Algs/ZnO
nanocomposites were also fabricated in assorted weight
fraction rations as described in subsection (2.2.3).

2.2.1. Synthesis of ZnO Nanoparticles

Zinc Oxide (ZnO) nanoparticles were produced via the
novel low cost clear cut aqueous sol-gel nanoparticle
synthesis procedure described by Bolla G. (2017) [13]. This
technique involved the reaction of Zinc Acetate Dihydrate
([Zn(CH3C0,),].2H,0) and Sodium Hydroxide (NaOH) in
an aqueous environment brought about by the presence of
distilled water where ethanol (C,HsOH) was the common
solvent for the two reagents. Firstly, a mass of 16.50g of
[Zn(CH3COy),].2H,0 was dissolved in 100ml of distilled
water contained in a 500ml beaker and a corresponding mass
of 12.00g of NaOH was dissolved in 150ml of distilled water
in a 250ml beaker. Both of the two solutions were stirred
separately for 5 minutes followed by a dropwise mixture of
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the NaOH solution into the 500ml beaker containing the
[Zn(CH3CO,),].2H,0O solution heated to 80°C under a
continuous magnetic stirring condition for 15 minutes.
Then 150ml of Ethanol (C,HsOH) was added dropwise into
the mixture under the same stirring conditions. White
Precipitates of ZnO nanoparticles were formed upon mixing
every drop of C,HsOH. The white precipitate was filtered on
filter paper and cleansed for about 6 to 8 times using distilled
water and then left to dry at room temperature. The dried
white precipitate was then scintillated in an oven at an
average temperature of 450°C for 5hrs. Finally the

scintillated sample was crushed using a mortar and pestle to
make fine ZnO powder which was later on used for material
characterization and composite formation.

Figure 2. Synthesis of ZnO Nanoparticles (LPU, Condensed Matter
Physics Lab: Block 27-310)

2.2.2. Synthesis of Algs Compound

The following procedure was largely adopted from the
literature by J.G. Mahakhode, et al. (2006) [14] with slight
deviations on a few steps. Tris-(8-Hydroxyquinoline)
Aluminium (Algs) [Al(CgHgNO)3] powder was produced by
dissolving 17.42 grams of 8-Hydroquinoline (CgH;NO) in
150ml of isopropyl alcohol (i.e. Isopropanol) [C;H;OH]
contained in a 500ml beaker and 15.00 grams of Aluminium
Nitrate [AI(NOs);] was dissolved in 150ml of distilled water
(H,O) contained in a separate 250ml beaker under a constant
stirring condition for 10 minutes at room temperature. The
aqueous solution of AI(NO3); was then added dropwise with
continued stirring to the CqH;NO [dissolved in C3H;OH]
solution to create a homogeneous reaction mixture for 15
minutes. Finally, 30ml of Ammonium Hydroxide [(NH,;)OH]
was precisely added dropwise as a precipitating agent to the
reaction mixture while maintaining constant stirring. A
yellow-green precipitate of Algs was formed upon addition
of each drop of (NH,)OH until all the 30ml were drained.
Precipitated Algz sample was left to settle at the bottom of
the beaker and then filtered using filter paper. The Algs
filtrate was carefully cleansed with distilled water for 6 to 8
times to wash away residual reagents, reaction by-products
and excess solvents.

The filtered sample was completely dried in an oven at
85°C to evaporate residual isopropanol and then cooled

slowly back to room temperature. Finally the yellow-green
Algz compound was crushed to form a fine powder sample
using mortar and pestle thus allowing it to be utilized fully in
characterization experiments and in making composite
pellets.

Preparation of Alg; Compound (LPU, Condensed Matter
Physics Lab: Block 27-310)

Figure 3.

2.2.3. Fabrication of Algs/ZnO Nanocomposites

Material composites of Algs/ZnO were fabricated in form
of circular pellets on the basis of weight fraction percentage.
Each pellet had a radius of ~12mm and an approximate total
mass of 0.20 grams composed form the respective weight
fractions of Algs and ZnO compounds. The first set of pellet
composites were made by mixing one part of ZnO and three
parts of Algs (i.e. 25wt% ZnO and 75wt% Algs) to make up
0.20 gram pellets. The second set of pellet composites were
made by mixing one part of ZnO and one part of Algs (i.e.
50wt% ZnO and 50wt% Algs) to make up 0.20 gram pellets.
Similar pellets of equal radium and mass were fabricated
from bare Algs compound as a control variable for the
experiments carried afterwards. Figure 4 below shows
how the fabricated Algs/ZnO composite powders together
with the bare Algs compound responds to white-light and
UV-light exposure while Figure 5 shows the UV-light
exposure in liquid composites. Other techniques like
spin-coating are at times employed to prepare highly
transparent Algs/ZnO hybrid thin films with enhance
photoluminescence [30].

Figure 4. White Light (Left) and UV-Light (Right) exposure of Alg; and
Algs/ZnO composites
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Figure 5. UV Light exposure of ZnO nanoparticles (Right) solution and
Algs/ZnO liquid composites of different concentrations showing Blue Light
and Green Light Photoluminescence respectively

3. Results and Discussion

A couple of characterization experiments were carried out
on the synthesized ZnO nanoparticles, Algs bare compound
and the fabricated Algs/ZnO pellet composites. Firstly,
for the synthesized ZnO and Algs compounds we studied
XRD patterns, UV- Spectroscopy and FTIR. FESEM
was also studied along with EDS/XDS. As for the Algs/ZnO
composites, we carried out dielectric experimental
characterizations. The following subsections describe the
results of experimentation and discuss the structural analysis,
elemental analysis, optical absorbance measurements and the
dielectric properties of the synthesized compounds and
fabricated composites.

3.1. Structural Analysis (FESEM & XRD)

The structural properties of the synthesized zinc oxide
(ZnO) nanoparticles and  Tris-(8-Hydroxyquinoline)
Aluminium (Algs) compound were firstly studied using
FESEM as shown in Figure 6 and 7. In Figure 6, the results
obtained from FESEM show that the ZnO nanoparticles
were of different sizes and shapes. Actual particle size
measurements on the synthesized ZnO nanoparticles
ranged from ~23nm to ~110nm with irregular shapes. This
observation is typical of a complex aqueous sol-gel
procedure on one hand due to the prevailing high reactivity
of the metal oxide precursors with water (and also that
water plays a double role as ligand and solvent) and on
another hand due to a wide range of reaction parameters
that need to be controlled with high precision (i.e.
hydrolysis & condensation rate of the metal oxide
precursors, temperature, pH, mixing procedure, oxidation
rate, the nature & concentration of anions, etc.) in order to
provide good reproducibility of the synthesis protocol.
This level of complexity attributed to the aqueous sol-gel
technique makes it cumbersome to synthesize metal oxide
nanoparticles with higher levels of purity and homogeneity.
It is also hard to maintain well-defined and uniform crystal
morphologies of the synthesized nanoparticles [15] [16].

In Figure 7, FESEM results of the prepared yellow-green
Algs powder however showed a structural morphology of

clustered rod-like structures with irregular cross-sections.
The longitudinal measurements of the rod-like structural
segments greatly varied from ~0.8um to ~3.4um. Similar
results showing the distributed rod-like structures of
yellow-green Algs powder were reported by Tingxi Li, et al.
(2016) [9] with the main difference being that in their case
the Algs compound had a morphology with homogeneous
shape and size.

= X 3
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5.0kV SEI SEM WD 8.1mm 11:48:00

X 70,000

Figure 6. FESEM of Zinc Oxide (ZnO) nanoparticles with different
structural shapes and sizes

— ilpm JEOL
10.0kV COMPO SEM

3/3/2020
WD 10.3mm 12:38:59

X 10,000

Figure 7. FESEM of Alg; yellow-green luminescent powder composed of
planar micro structures

X-Ray Diffraction (XRD) Spectroscopy was studied
using QUALX2.0 analysis software for ZnO nanoparticles
and Algz yellow green powder as shown in Figure 8 and 9
respectively [17]. Results obtained from the XRD pattern of
Zn0O nanoparticles in Figure 8 indicate that the synthesized
ZnO nanoparticles had a hexagonal structure with values
of a = 3.2493A ", ¢ = 5.2057A " which then gives us an
approximate hexagonal unit cell volume V = 47.60 A * when
calculated using the formula shown in equation (1) below.

3\/§2

V=Tac (D)
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Where V is the total volume, a is the base lattice
parameter and c is the height of the hexagonal crystal
structure [18]. With regards to Algs yellow-green powder,
the XRD pattern showed a nearly simple cubic structure
along with impurity patterns as shown in Figure 9.
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Figure 8. XRD pattern of Zinc Oxide (ZnO) nanoparticles — Analysed
using QUALX2.0 Software
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Figure 9. XRD pattern of Algs yellow-green powder - Analysed using
QUALX2.0 Software

3.2. Elemental Analysis (EDS/XDS)

Elemental analysis for the synthesized ZnO nanoparticles
and  Tris-(8-Hydroxyquinoline)  Aluminium  (Algs)
yellow-green powder was studied using Energy Dispersive
X-Ray Spectroscopy (EDS/XDS) embedded to the FESEM.
The actual elemental analysis of the ZnO and Algs; was
conducted on FESEM electron images of the respective
samples aided by the Oxford Instruments software platform.
The corresponding results were then determined as shown in
Figure 10 and 11 below. For the ZnO nanoparticles, Zinc (Zn)
constituted 79.8 Wt. % whereas Oxygen (O) constituted 20.2
Wt. % of the ZnO molecular weight. This result conforms to
calculated theoretical atomic weight ratios of Zn and O
atoms in ZnO molecule.
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Figure 10. EDS/XDS spectrum for elemental constituent analysis of ZnO
nanoparticles

Results for Algs elemental analysis showed the following
atomic weight ratios: Carbon (C) 78.3 Wt. %, Oxygen (O)
13.2 Wt. %, Nitrogen (N) 5.7 Wt. % and Aluminium
2.8 Wt. %. The atomic weight percentage contributions
highlighted above do not conform to the exact theoretical
calculations because hydrogen (H) was not present in the
EDS spectrum shown in Figure 11 below (for instance the
theoretical weight % constitution of C in Algs is 70.5 Wt. %
which is different from the estimated 78.3 Wt. %). The
absence of hydrogen is attributed to the fact that lighter
elements like hydrogen and helium have all of their electrons
in the K-shell thus cannot be successfully utilized in X-ray
emissions that produces the necessary signals for EDS/XDS
measurements [19].

Figure 11. EDS/XDS spectrum for elemental constituent analysis of Alqgs
yellow-green powder

3.3. Optical Measurements (FTIR & UV-Visible)

Optical measurements were studied using Fourier
Transform Infrared (FTIR) Spectroscopy and UV-Visible
Spectroscopy as illustrated in Figure 12 and Figure 13.
The transmittance spectrum of Algs; yellow-green powder
and ZnO nanoparticles are shown in Figure 12 and 13
respectively. The percentage transmittance FTIR spectrum
of Algs yellow-green powder in Figure 12 displays the entire
characteristic absorbance of quinoline and the Al+ ion with
ligands. The observed characteristic bands within the range
of 600-800 cm-1 have been reported to originate from the
vibrations of quinoline, hence the band in the range of
400-600 cm™ can be attributed to the stretching vibration of
Al+ ion with ligands. In contrast with the normal FTIR
absorption spectrum of quinoline, the intensive band of C-O
at 1112.00 cm™ and the weaken band at 1281.74 cm™ is a
direct indication that the AI-O bond had formed in the
prepared Algs material [20].

On the other hand, the peak shown in Figure 13 at 491
cm® for the ZnO nanoparticle absorbance spectrum is
characteristic of the existence of Zn-O bond. The other
absorption peaks registered along the FTIR spectrum
indicates the presence of carboxylate and hydroxyl
impurities in the synthesized ZnO nanoparticles which is in
accordance with other results obtained from independent
studies [21] [22].
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Figure 12. FTIR Transmittance Spectrum for Algs yellow-green powder
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Figure 13. FTIR Transmittance Spectrum for ZnO nanoparticles

The absorption spectrum of ZnO nanoparticles and Algs
yellow-green powder were studied using UV-visible as
shown in Figure 14 and 15. The UV-vis absorption
spectrum in Figure 14 shows a peak absorption band at 363
nm due to the presence of the ZnO nanoparticles. Hence the
energy band gap (Eg) of ZnO nanoparticles was calculated
to be the point where the tangent of the Tuac Plot
(embedded in Figure 14) meets the energy axis and is
proven by the formula shown in equation (2) below:

A(E, — hv) = (ahv)(m) = (%)(l/n) )

Where Eg is the energy bandgap, o is the absorption
coefficient per unit thickness [i.e. a = (2.303*abs)/t], hv is
the photon’s energy, ¢ is the speed of light in vacuum, v is
the frequency, 4 is the wavelength, A is the proportionality
constant and n is the index based on the nature of transition
[23]. Hence the energy band gap of the synthesized ZnO
nanoparticles, with allowed direct transition (i.e. n = 0.5),

was approximated using equation (2) above to be ~3.29 eV
which is indicative of the wide band gap nature of ZnO
nanoparticles and it is in close rage with the value reported
by Kumar S, et al. (2015) [24].

The optical energy band gap of Algs was also determined
from the Tauc plot generated from the absorption spectrum
of Algz yellow-green powder as shown in Figure 15. Using
the same formula in equation (2), the approximate value of
the energy band gap of Algs in powder form was found to
be ~2.89 eV with a peak wavelength at 362 nm. This result
corresponds well with reported energy band gap values of
Alggz in literature [25] [26].
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Figure 14. UV-visible Absorbance Spectrum and Tauc Plot of ZnO
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3.4. Dielectric Measurements

Dielectric properties of the Algs yellow-green luminescent
powder and the fabricated Algs/ZnO composites were
studied as shown below in Figure 16 and 17. The general
understanding from the results obtained is that the average
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capacitance of Algs yellow-green powder increased as
the weight percentage of ZnO in Algs/ZnO was increased.
We also observed that the capacitive reactance at lower
frequencies for each material composite of Algs/ZnO was
relatively higher compared to the reactance at higher
frequency range. This meant that the capacitive reactance for
the fabricated materials was inversely proportional to
frequency as illustrated by the curve in Figure 16. The
established observation is in agreement with the well-known
relation between reactance and frequency as shown in
equation (3) below.

_ 1
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Figure 16. Capacitive Reactance (MQ) Vs. Frequency (KHz) of Alqs &
Algs/ZnO nanocomposites
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Figure 17. Dielectric Constant (k) Vs. Frequency (KHz) of Algs &

Algs/ZnO nanocomposites

Where Xc is the capacitive reactance, f is the frequency
in hertz (Hz) and C is the capacitance [27]. Overall the
capacitive reactance decreased with the increase in Wt. %
composition of ZnO nanoparticles in Algs/ZnO composites.
Another inverse relationship between the dielectric constant
(k) and frequency for each material was also established with

a slight difference in the steepness of the curves. We further
noted that the increase in ZnO nanoparticle composition
did not necessarily result in the increase in the value of
the dielectric constant. However, the dielectric properties
illustrated in Figure 17 suggests that Algs/ZnO
nanocomposites can further be exploited as alternative
dielectric materials in optoelectronic device applications.

4. Conclusions

Zinc Oxide (ZnO) nanoparticles were prepared via
aqueous sol-gel technique followed by the synthesis of
Tris-(8-Hrdroxyquinoline) Aluminium (Algs) yellow-green
powder. XRD studies indicated the presence of a hexagonal
crystal structure in ZnO nanoparticles with particle sizes
ranging from ~23nm to ~110nm as observed on FESEM.
Algs compound showed a cubic unit cell structure with
planar shaped micro particles having impurity patterns due to
carboxylate and hydroxyl impurities as suggested by FTIR
observations. Both ZnO and Algs exhibited fluorescence of
blue light and green light respectively when exposed to UV
radiation. Further optical studies indicated the existence of a
considerably wider optical band gap of ~3.29 eV for the ZnO
nanoparticles as compared to the ~2.89 eV for Alg; powder.
Thus nanocomposites of Algs/ZnO can be exploited as
prospective blue-light luminophore in organic light emitting
diodes (OLEDs) or as receptors in organic photovoltaic
cells (OPVC) by fine-tuning their associated optical band
gap characteristics hence shifting the emission spectra.
Nanocomposites of Algs/ZnO also revealed good dielectric
properties. The capacitive reactance of Algs/ZnO was greatly
reduced by increasing the weight % composition of ZnO
from 0% to 25% and then to 50% in fabricated Algs/ZnO
circular shaped pellets, each having an equal net pellet
weight of 0.2 grams and an equal pellet radius of ~12 mm.
Future studies can be conducted to exploit these promising
material properties of Algs/ZnO nanocomposites to improve
optical device stability and quantum efficiency of OLEDs,
OPVCs and organic electrolytic photo-capacitors (OEPCs).
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