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In this study, zinc oxide (ZnO) has been prepared by chemical precipitation method using zinc acetate as precursor, poly
vinyl pyrrolidone (PVP) as capping agent and deionised water as a solvent. X- ray diffraction (XRD), scanning electron
microscopy (SEM), ultra violet visible (UV-Vis) absorption, photoluminescence (PL), and electroluminescence (EL) have
been performed to characterize the structural, morphological and optical nature of the samples, respectively. X-Ray
diffraction indicates that all of the as obtained samples have a pure phase (hexagonal wurtzite structure). Crystallite size has
been calculated by Debye Scherrer formula and Lattice strain has been calculated by Williomson Hall equation. Cell
volume, Lorentz factor, Lorentz polarization factor, lattice constants and crystal lattice distortion degree (R) and
morphology index (MI) have also been studied. The average particle size has also been calculated by Brus equation by using
UV-Visible absorption peak. An electroluminescence spectrum of ZnO nanocrystals has also been studied.
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Introduction

Zinc oxide (ZnO) exhibits many fascinating
properties'”. It is an intrinsic n-type semiconductor
which belongs to II-VI group. It has a wide band gap
of 3.37 eV at room temperature (RT). The exciton
binding energy (60 meV) of ZnO is larger than those
of the widely used semiconductors GaN (26 meV) or
ZnSe (20 meV) and also larger than the RT thermal
energy (25 meV). Because of these properties, ZnO
presents a strong excitonic UV light emission at
room temperature’®. It also consist a high
photoconductivity and considerable piezoelectric and
pyroelectric properties’. ZnO has attracted much
attention for potential applications in various
electronic and optoelectronic devices due to their
remarkable properties’'. The electronic and optical
properties of ZnO nanostructures depend on their size,
shape and surface morphology”>*. Compared to
nanoparticles, the one dimensional nanorod exhibits
unique electronic and optical properties arising from
their anisotropic geometry and large surface to
volume ratio’. ZnO nanorod provides a direct
conduction path along the direction of the c-axis for
electron transport that reduces the number of grain
boundaries greatly. The nanorods perform outstanding
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electron transportation capability”*. ZnO is cheap

and easily available material as compared to other
oxide materials such as ZnO,, Y,0;, Gd,0;, CeO, and
Y,Si0s etc.”* .

Various different physical or chemical synthetic
approaches have been developed. Several reports on
physical ZnO synthesis had been published which
involves vapour phase oxidation’’, thermal vapour
transport, condensation’” methods and chemical
vapour deposition®’. These methods discussed above
must be performed at high temperature (500-1500 °C).
On the other hand, chemical methods are of particular
interest since they offer the potential of facile scale up
at moderate temperature (100-200 °C). Among these
chemical methods precipitation**, sol — gel**® and
micro emulsion*’ approaches are convenient and may
lead to nanoparticles of controlled morphology. But in
recent times much interest has been generated around
the chemical route technique*™ ™. This technique is
simple, cost effective, and reproducible and materials
are readily available’'™’.

However, in spite of several decades of effort,
some of the basic properties of ZnO still remain
unclear™”. In particular, the identification of the
dominant intrinsic defects (oxygen vacancies, Vo,
interstitial zinc, Zn;, and hydrogen interstitials, H;)**®
and the origins of the defect related emissions in the



12 APPL. INNOV. RES., VOL. 1, MARCH 2019

visible region®’® have been controversial for quite a
long time. The control of intrinsic defects and the
corresponding effects on properties is of paramount
importance in applications of ZnO.

In the photoluminescence (PL) spectra of ZnO,
typically there are emission bands in the ultraviolet
(UV) and visible (green, yellow, blue and violet)
regions. The UV emission is usually considered as the
characteristic emission of ZnO™* and attributed to
the band edge transition or the exciton combination’.
Although the emission in the visible regions are
universally considered to be associated with the
intrinsic or extrinsic defects in ZnO, extensive
controversies have existed for more than two decades
on the clear defect centres and unambiguous electron
transitions are not yet known in details®. For green
emission, a number of different hypothesis have been
proposed, such as transition between singly ionized
oxygen vacancies and photo excited holes®, transition
between electrons close to the conduction band and
deeply trapped holes at V™, surface defects™” etc.
The yellow orange emissions have been assigned to
interstitial oxygen and dislocation as well as Li
dopants®.

In the present study, we have synthesized the
hexagonal structure ZnO nanocrystals using the zinc
acetate organic precursor. The synthesized powder
samples have been characterized using X — ray
diffraction (XRD), UV - wvisible (UV — Vis)
spectroscopy, scanning electron microscopy (SEM)
and photoluminescence (PL) spectroscopy. The
crystal structure, surface morphology and optical
properties of the fine powders are critically examined.
An electroluminescence  spectrum  of  ZnO
nanocrystals is also discussed.

Experimental
Materials

Zinc acetate dihydrate Zn (CH;COO),.2H,0,
sodium hydroxide (NaOH) pallets, polyvinyl
pyrrolidone (PVP) (Mwt 4000) and absolute ethanol
were used to synthesize pure zinc oxide nanocrystals.
All these chemicals were used as precursors which
were obtained from Merck Chemical Company. PVP
was used as a capping agent. In this experiment, all
the glassware used was acid washed. The chemical
reagents used were analytical reagent grade which
needs no further purification. Ultrapure water was
used for all dilutions and sample preparation.
The whole synthesis process was done at room
temperature.

Sample preparation

In a typical experiment, 2.2 g (0.2 mol/L) of zinc
acetate Zn (CH;C0OO),.2H,0 was dissolved in 50 mL
deionized water. The stirring rate of the solution was
1500 rpm and the process was conducted at room
temperature. Then 1 g of PVP was dissolved in 50 mL
deionized water and was added drop by drop to the
constantly stirred solution for stabilizing the
synthesized particles. The mixture was stirred at room
temperature until a homogeneous solution was
obtained. After that 0.4 g (0.2 mol/L) of 50 mL
sodium hydroxide was added drop by drop to the
above mixture which gave white voluminous
precipitate. The stirring process was continued for 2 h
till the white precipitate gets deposited at the bottom
of the beaker. This solution was kept overnight for
settlement of the precipitate. Then the precipitate was
firstly washed 2 to 3 times with distilled water and
then 1 to 2 times with absolute ethanol. After that the
precipitate was filtered by using Whatmann filter
paper. After this process the products were
finally dried in a hot air oven at 100 °C for 1 h.

The powder obtained was used for further
characterization process.
Characterization

The crystal structure of the samples were

investigated by X-Ray diffraction (XRD) using a
XPERT-PRO diffractometer (Cu Ko radiation,
A=1.54056 A) at 40 kV and 35 mA in the diffraction
angle 20 = 200 to 800. The morphology of the
samples was characterized by the scanning electron
microscopy (SEM) using JEOL-EO microscopy with
accelerating voltage 20 kV. The optical absorption
spectra of the particles were recorded using
Perkin Elmer Lambda-45 spectrophotometer in
the wavelength range of 200 to 800 nm.
Photoluminescence (PL) data were collected using
RF- 5301PC SHIMADZU spectrofluoro photometer
with spectral slit width of 1.5 nm.

Formation of electroluminescence cell

The electroluminescence cell was prepared by
using triple layer structure. In this cell nanoparticle
emission layer were sandwiched between two
electrodes. The transparent electrode has been
prepared by depositing thin film of indium tin oxide
(ITO) on clean glass substrate. This ITO coated glass
behaves as an electrode. The surface resistivity of this
electrode is 70-100 Q/sq and L (Length) x W (Width)
x T (Thickness) is about 75 mm % 25 mm x 1.1 mm.
Then a mica sheet having window of 2x2 mm was
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placed on the conducting glass plate so that window is
on the film of ZnO sample. An aluminium foil strip
was placed tightly over this window so as to have
good contact with ZnO nanoparticle film and there is
no air gap. The aluminium strip acts as second
electrode (area 1 cm® and thickness ~100 A). The
layer of nanoparticle should be uniform and thin.
Alternating voltage of various frequencies was
applied and EL brightness (B) at different voltages
(V) was measured with the help of photomultiplier
tube along with corresponding current.

Results and Discussion

Structural studies

Figure 1 shows the XRD pattern of ZnO
nanocrystals. The diffraction peaks indicate the
nanocrystalline nature (JCPDS card no. 36 — 1451).
These peaks at scattering angles (20) of 31.489,
34.135, 36.965, 47.267, 56.344, 62.616, 66.162,
67.717, 68.835 and 76.795 correspond to the
reflection from (100), (002), (101), (102), (110),
(103), (200), (112), (201) and (202) crystal planes,
respectively. The XRD is identical to the hexagonal
phase with wurtzite structure with space group (C6V
= P6;mc) and unit cell parameters a =b = 3.249 A and
¢ =5.206 A. These data is in good agreement with the
data from Joint Committee of Powder Diffraction
Standards (JCPDS 36-1451). No other diffraction
peaks or other impurities have been found in the
sample which also confirms that the product obtained
is in pure phase. It is obvious that the XRD pattern
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appears many diffraction peaks and strong orientation
peak at 20 = 36.965° which is belong to (101)
diffraction line.

The average crystalline size of the ZnO powder
is estimated by the Scherrer’s relation Eq. (1)
given by*.

.z
fcosd

(D)

Where D is crystalline size for (hkl) plane given in
Table 2, k is a Sherrer’s constant (which is 0.94 for
Lorentzain line profiles and small crystals of uniform
size), A is the wavelength of the incident X-Ray
radiation (CuKa = 0.154 nm or 1.54 A), B is the full
width at half maximum (FWHM) in radian and 9 is
the diffraction angle for (hkl) plane.

Micro strain is calculated by Williamson — Hall
equation by using Eq. (2):

ﬂcosH=%+4gsinH ... (2)

Where f is the full width at half maximum (FWHM)
of XRD peaks, k is Scherrer’s constant, D is the
crystalline size, A is the wavelength of X-ray, € is the
lattice strain and 0 is the Bragg’s angle. The plot
between Pcos® and 2sinf along y and x axis shows
linear extrapolation. The crystalline size is given by
the intercept kA/D and the strain ¢ is given by slope.
Average crystallite size decreased the micro strain
increased. This might be because of the mechanical
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Fig. 1 — XRD pattern of ZnO nanocrystals.
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surface-free energy of the metastable nanoparticles®.
The calculated value of micro strain is given in
Table 2.

The interplaner spacing (d) which is given in Table
1 has been evaluated using the Eq. (3) as explained by
Mazhdi et al.®.

773 > 5 ..(3)

a C

1 4(h2+hk+k2}r£

Where a and c is the lattice constants which are
defined by Eqs (4) and (5) given in Table 1:

A
_ ...(4
\/gsinﬁ )

For (101) plane the lattice constant @ has been
calculated by using Eq. (4) as explained by cullity et
al.® is found to be a=2.807 A while:

A
C =
sin & .. (5

a =

Similarly for (101) plane the lattice constant c has
been calculated by using Eq. (5) as explained by
Cullity et al.** and found to be c=4.861 A. Hence the
ratio ¢/a =1.73174 shown in Table 1.

Volume is calculated by Eq. (6) which is given
by®, shown in Table 2.

Table 1 — Lattice constants a and c, c¢/a ratio and d-spacing.

Lattice  Lattice d-spacing

hkl 20 constant a constant ¢ c/a ( A)
A) )

100 31489  3.278 5.679 1.7324588  2.83875
002  34.135  3.031 5.251 1.7324315  2.62458
101  36.965 2.807 4.861 1.7317421 2.49508
102 47267 2219 3.844 1.7323118 1.92149
110  56.344 1.884 3.264 1.7324841 1.63159
103 62.616 1.712 2.966 1.7324766  1.48239

3

V=7a2020.866a2c ... (6)

The crystal lattice distortion degree (R) is shown in
Table 2 can be calculated by Eq. (7) which is
given by*’.

R =|2a(24) 14} (D)

Units Morphology Index (MI) is developed from
FWHM of XRD data. The FWHM of two peaks are
related with MI to its particle morphology. MI is
obtained from Eq. (8).

"~ FWHM +FWHM,

Where MI is morphology index, FWHMj is highest
FWHM value obtained from peaks and FWHM, is
value of particular peak’s FWHM for which MI is to
be calculated®® given in Table 2. The Lorentz-
polarization factor is most important of the
experimental quantities that control X-ray intensity
with respect to diffraction angle. In the intensity
calculations Lorentz factor is combined with the
polarization factor and further the variation of the
Lorentz’s factor with the Bragg angle () is shown®
*!_ The overall effect of Lorentz factor is to decrease
the intensity of the reflections at intermediate angles
compared to those in the forward or backward
directions. Lorentz factor and Lorentz Polarization
factor are calculated from Eqs (9) and (10) which is
given in Table 2:

cosd 1

Lorentz factor =————=—— .9
sin“ 26  4sin” fcosl
1+ cos” 26
Lorentz polarization factor= ——— ... (10)
sin” #cosd

Table 2 — Crystalline size (D), lattice distortion degree (R), volume (V), micro strain, morphology index, Lorentz factor and Lorentz
polarization factor.

Crystalline size (D) Lattice distortion Volume (V) Micro strain Morphology Lorentz Lorentz
(nm) degree (R) A (Bcos0) index (MI) factor polarization factor
14.86 0.12410508 52.854 0.54446 0.54649 3.52794 24.37335
14.64 0.10610521 43.368 0.60334 0.54119 3.03609 21.20350
1533 0.09096551 33.169 0.52781 0.55053 2.62297 17.19015
13.39 0.05686557 16.391 0.53817 0.50835 1.69807 7.105024
15.52 0.04099584 10.033 0.52109 0.53557 1.27233 6.652447
13.89 0.03385195 7.528 0.58241 0.5 1.08368 5251748
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Morphological studies

The surface morphology of the synthesized ZnO
nanoparticles was investigated by SEM micrograph
which is shown in Fig. 2 with different magnification.
SEM image as shown in Fig. 2 shows hexagonal type
structure of the synthesized ZnO nanocrystals. The
prominent well structured growth observed from SEM
micrograph of the fine particles confirms the
development of hexagonal wurtzite crystal structure
of the ZnO nanocrystals. It may be noted that the
grain size of the ZnO fine powders evaluated from
SEM is in good agreement with the particle size
calculated from XRD analysis. The SEM image
represents the agglomeration and cluster form of
particles and also with narrow particle size
distribution. The synthesized ZnO powder size
investigated was in different shapes like rods, sheets
and spherical particles.
Optical properties

The optical absorption spectra of ZnO are
measured in the range of 200-800 nm. The UV-
Visible absorption spectra of ZnO nanocrystals in
deionised water solvent show an excitonic absorption
peaks 225 nm, 330 nm, 340 nm, 355 nm and 375 nm.
These spectra were taken at room temperature, the
ZnO nanocrystals sample exhibit salient exciton
absorption features due to the relatively large binding
energy of exciton (60 meV). The absorption peak
exhibits a blue shift. When photons of the higher
energy states are greater than the band gap of the
semiconductor, an electron is transferred from the
valance band to the conduction band”*. Due to this
reason an abrupt increase in the absorbency of the
material to the wavelength corresponding to the band
gap energy. It is clear from the Fig. 3; the spectrum
reveals a characteristic maximum absorption peak at
wavelength of 375 nm which can be assigned to the

20kv X10,000 1pm

intrinsic band gap absorption of ZnO due to the
electron transition from the valance band to the
conduction band. These sharp peaks show that the
particles are in nanosize and the particle size
distribution is narrow.

Typical exciton absorption at 375 nm is observed
in the absorption spectrum at room temperature,
which is blue shifted with respect to the bulk
absorption edge appearing at 380 nm’® at room
temperature. It is clear that the absorption edge
systematically shifts to the lower wavelength
or higher energy with decreasing size of the
nanoparticle. This pronounced a systematic shift in
the absorption edge is due to the quantum size effect.

For further confirmation, the particle size of the
ZnO nano powder was also estimated by optical
method using Brus Eq. (11) given by’
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Fig. 3 — UV-Visible absorption spectra of ZnO nanocrystals.
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Fig. 2 — SEM image of ZnO nanocrystals at (a) high and (b) low magnification.
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Where me* is the effective mass of the electron
(0.19 me), mh* is the effective mass of the hole (0.8
mh), R is the radius of the particle, € is the dielectric
constant (5.7) and g, is the permittivity of free space.
The particle size of the ZnO nanopowder calculated
using Brus equation was found to be 3.3 nm which is
not good agreement with the size of 14 nm calculated
from XRD analysis.

Furthermore, the optical bandgap of the
synthesized ZnO nanocrystals was critically examined
near the materials fundamental absorption band edge
using the Urbach Eq. (12) given by”*:

ahv = A(hv - Eg)" .. (12)

Where, a is the absorption coefficient, 4 is a constant
which is independent from photon energy, Av is the
energy of incident photons and exponents » whose
value depends upon the type the transition which may
have values 1/2, 2, 3/2 and 3 corresponding to the
allowed direct, allowed indirect, forbidden direct and
forbidden indirect transitions, respectively. Figure 4
show the variation of (a hv)* versus photon energy, hv
for ZnO nanopowder with n values of 1/2. Allowed
direct band gap of ZnO nanoparticles is calculated to
be 5.3 eV, which is higher than reported value 3.5 eV.
The increase in the band gap of the ZnO nanoparticles
with the decrease in particle size may be due to a
quantum confinement effect.

According to quantum confinement theory, as a
particle size decreases comparable to the wavelength
of the electron, the electron out of its interaction with
that particle gets confined to discrete quantum energy
levels, which will give rise to an enlargement in the
energy band gap’>”’. Therefore, the increased band
gap energy of our ZnO nanocrystals is due to decrease
in their particle size to nano order and the above
described quantum size effect according to the
quantum confinement theory. It also confirms that the
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Fig. 4 — Plot of (ohv)* versus photon energy (hv) for ZnO
nanocrystals.

increase in band gap to the order of 5.3 eV is due to
the quantum size effect. That is, because of the
decrease in size of the ZnO particle to nano order,
comparable to the wavelength of electrons, the
electrons interact with the ZnO and get confined into
quantum energy levels. This leads to increase in the
band gap of the ZnO nanoparticles and hence the blue
shift in the absorbance spectrum.

Photoluminescence studies

Figure 5 shows room temperature photoluminescence
spectra from ZnO powder samples over wavelength
range 400-700 nm on irradiating at wavelength A, =
265 nm. The photoluminescence spectroscopy is an
excellent intensive technique for the investigation of
the exact band edge transition levels of semiconductor
materials. It is worth mentioning that the physical
properties of semiconducting materials undergo
changes when their dimensions get down to
nanometer scale known as quantum size effect. For
example quantum confinement increases the band gap
energy of ZnO, which has been observed
from photoluminescence. The photoluminescence
originates from the recombination of surface states.
The strong PL peak implies that the surface states
remain very shallow, as it is reported that quantum
yields of band edge will decrease exponentially with
increasing depth of surface state level. In pure ZnO
PL spectrum, a sharp green emission band at 531 nm
which is also known as a deep level emission, relates
to the deep level states. Singly ionized oxygen
vacancy is responsible for this emission in ZnO. The
visible emission is caused by the radiative
recombination of a photo generated hole with an
electron occupying oxygen vacancy. Further the
spectrum also reveals the narrow size distribution of
nanoparticles in the powder as the luminescence peak
full width half maximum (FWHM) is only in few
nanometers.
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Fig. 5 — Photoluminescence spectra of ZnO nanocrystals.
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However, the physical mechanism behind visible
light emission in ZnO is claimed by different authors
in different ways and is still under controversy.
Therefore, it is important to investigate the
luminescent mechanism caused by the defects of ZnO
thin films, since they are the key factors for obtaining
the visible luminescence.

The energy band gap (Eg) and crystal size for ZnO
NPs from PL spectrum calculated by using Eqs (13)
and (14):

1240

Eg(eV) = T

nm

... (13)

Crystal size (diameter=2r) was then calculated from
energy gap using Eq. (14).

wat (1 1) 18e
2er’m,\m, m, ) 4nee,r
.. (14)

where Enp is NPs band gap, Egui is the bulk band
gap, m, is the electron effective mass (=0.26 for
Zn0), my, is the hole effective mass (=0.59 for ZnO), e
is the electron charge, r is the radius of quantum dot,
m, is the free electron mass, g, is the permittivity of
free space and ¢ is the relative permittivity.

E\p = Egbulk +

Electroluminescence studies

Effects of temperature, film thickness and
morphology on the electroluminescence (EL) have
been studied. An EL spectrum had been observed at
different frequencies.

Effect of temperature

It is well known that increase in temperature
produces greater size of the phosphor particles. If the
particle size is greater we will get poor EL brightness.

Effect of film thickness

The brightness of an EL device is a function of the
applied electric field. The brightness can be strongly
affected by the layer thickness. This suggests that
using small phosphor powder particles, i.e., reduced
thickness of the emitting layer would result in high
brightness. For this reason an emitting layer as thin as
possible was fabricated i.e. one monolayer of
phosphor particles.

Effect of morphology
The morphology of ZnO changes at higher

temperature (above 1000 °C). Below this temperature
ZnO particles have a hexagonal (wurtzite) structure
while a cubic structure is obtained if heated above
1000 °C. The crystal structure plays an important role
for EL characteristics. It is also interesting that the
wurtzite structure of the phosphor is responsible for
the EL properties not the cubic structure. If the
phosphor is made below 1000 °C the phosphor
crystallizes in a wurtzite structure but has particle size
less than 20 pm, which again produces good EL
characteristics.

Effect of voltage on current density

The voltage current density characteristics of ZnO
at frequencies of 800 Hz, 1000 Hz and 1200 Hz are
shown in Fig. 6 (a-c). It is clear from the observation
made that as the input voltage increases there is
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Fig. 6 — Effect of voltage on current density at different frequencies of (a) 800 Hz, (b) 1000 Hz and (c) 1200 Hz.
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Fig. 7 — Electroluminescence spectra of ZnO at the frequency of (a) 800 Hz, (b)1000 Hz and (c) 1200 Hz.

continuous increases in current density. In the present
study linear relation is obtained between voltage and
current density. This indicates the ohmic nature of
impedance. In this model, carriers tunnel across an
energy barrier into the valance band and electrons
tunnels across the conduction band of nanoparticles.
These carriers are transported through a series of field
associated ionization steps.

Electroluminescence spectra

The EL spectra of ZnO samples at excitation
frequency of 800, 1000 and 1200 Hz is shown in
Fig. 7 (a-c). The EL spectra at frequency of 800 Hz
show two different peaks of 600 nm (yellow) and 800
nm (red) which is obvious from Fig. 7 (a). At 1000 Hz
two different peaks of 500 nm (green) and 700 nm
(red) are observed from Fig. 7 (b). Similarly from
Fig. 7 (c), at 1200 Hz two another peaks 500 nm
(green) and 800 nm (red) are observed. It is important
to mention that due to the broad peak emission range
of 400 -800 nm, a bright white light is clearly
observed by the naked eye. These peaks are due to
different deep level defects namely Vo, Vz, and
oxygen anti-site (Oz,) in the ZnO small rods. Our EL
spectra also show that the peak positions have shifted.
When voltage is increased, more electrons and
holes are injected into the emission layer. The
recombination of electrons and holes, the brightness is
increased with increasing voltage. The EL brightness
with variation of voltage is agreement with excitation —
collision mechanism and formation of Mott-Schottky
barrier. The electroluminescent efficiency depends on
the carrier life time of the injection charge carriers.

The brightness can be strongly affected by the layer
thickness. This suggests that using smaller phosphor
powder particles (i.e., reduced thickness of emitting
layer) results in high brightness.

Conclusions

This study focuses on the synthesis, structural,
morphological and optical characterization of pure
zinc oxide small rods. Pure zinc oxide nanoparticles
have a hexagonally crystalline structure. XRD study
reveals better crystallization of the powder. The
particle size varies from 13-15 nm. It has been seen
that the growth orientation of the prepared ZnO was
(101). SEM image indicates agglomeration of the
particles. The Scanning Electron Microscope (SEM)
image confirmed the size and shape of these
nanocrystals. The PL spectra shows peak in green
region around 531 nm. The peak at 531 nm originates
from the singly ionized oxygen vacancy.

The visible emission is caused by the radiative
recombination of a photo generated hole with an
electron occupying oxygen vacancy. The optical band
gap value of the synthesized ZnO small rods is found
to be 5.3 eV from the absorption spectroscopy. The
UV- visible absorption spectra of ZnO in deionised
water solvent show an excitonic absorption peaks 225
nm, 330 nm, 340 nm, 355 nm and 375 nm. Optical
absorption analysis of the sample exhibits a blue shift
in the absorption band edge. EL studies shows that
light emission starts from ZnO at lower threshold
voltage and higher EL intensity is obtained in case of
smaller particles. Thus high efficiency EL devices for
display and lightening can be fabricated by using
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small size of ZnO rods. This study provides new
approaches to change the optical properties which can
be used as a strong tool for further optoelectronic
applications.
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