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Abstract of the dissertation

In this study, nitrogen-doped ZnO nanoparticles were synthesized, and homojunction
and heterojunction light-emitting diodes were fabricated to discuss the nitrogen-induced p-

type conduction and carrier behavior.

The synthesis of nitrogen-doped ZnO nanoparticles was carried out by the DC arc
plasma gas evaporation method. The influence of nitrogen incorporation has been
investigated with the local vibrational modes of Raman spectra. The structural and optical
emission properties were studied by X-ray diffraction and photoluminescence, respectively.
The nitrogen concentration of the ZnO nanoparticles was determined from the results of
the intensity of the Raman peak at 275 cm, which is linearly proportional to the intensity
of donor-acceptor pair recombination estimated from photoluminescence spectra.
Nitrogen-doped ZnO nanoparticles were demonstrated as a p-type hole transport layer used
to fabricate light-emitting diodes. The intensities of electroluminescence of these devices
were near proportional to the local vibrational mode of Raman spectra and donor-acceptor
pair emission of ZnO nanoparticles, which indicates the nitrogen dopants in the ZnO

nanoparticles were acting as an acceptor.

The world’s first homo-junction UV light-emitting diodes were demonstrated based on
p-type and n-type ZnO nanoparticles. Nitrogen-doped ZnO and gallium-doped ZnO
nanoparticles were used to fabricate the p-type and n-type nanoparticles layer, respectively.
The evaluation of I-V characteristics and electroluminescence of the light-emitting diodes
confirmed that the holes injected from the p-ZnO nanoparticle layer to the n-ZnO
nanoparticle layer and the mechanism of these devices are that of p-n junction light-

emitting diodes.

ZnMgO composite nanoparticles were prepared by thermal diffusion of Mg into ZnO
nanoparticles and demonstrated heterojunction light-emitting diodes. It can be seen that the
addition of the n-ZnMgO NPs layer reduces the leakage current of the light-emitting diode
and improves the emission intensity. This is considered due to the hetero-barrier's carrier

confinement effect.
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1. Introduction

1.1 Introduction to Light Emitting Diodes (LEDSs)

In the illumination technology era, light-emitting diodes (LEDs) as semiconductor
devices have extensive potential use in solid-state lighting for their high efficiency, low
power consumption, low heat output, and long lifetime, which has changed many away
from our lives. The transfer from traditional light bulbs and tube lights to LEDs is currently
undergoing a revolution. The fluorescent tubes and light bulbs replaced with LEDs will
reduce electricity consumption in industrial economies due to the advantages of LEDs.
White LEDs are often based on efficient blue or UV LEDs using exciting phosphor material.
By combining the multiple colours (red, green, and blue), white LEDs can be created. The
blue or UV LEDs have versatile platforms for electronic devices and biomedical
applications such as phototherapy (newborn baby jaundice). The UV LEDs will be used for
water purification in the future because the DNA of bacteria, viruses, and microorganisms
may be destroyed by UV light [1]. LEDs have been widely applied for various
optoelectronic applications such as lighting, mobile appliances, automotive, and display

due to their luminescence efficiency [2], [3].

The fundamental mechanism of the LED is the emission of the p-n junction[4], [5].
The p-n junction consists of electrons (n-type) and holes (p-type) as carriers for
semiconductor materials. At the forward bias voltage, the recombination of electrons and
holes occurs around a p-n junction. The light emission wavelength of LEDs depends on the

materials and their bandgap energy. Figure 1 shows how a LED works.
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Figure 1. The mechanism of LEDs. Where, Ec is conduction band energy, Ev is valence
band energy and quasi- Fermi level energy is Ern for n-type and Erp for p-type.
1.2 Introduction to ZnO materials-based LEDs
The improvement of solid-state lighting devices depends on direct bandgap materials
like GaN and ZnO. The direct band material GaN has the bandgap energy of 3.44 eV and
the exciton binding energy of 25 meV. On the other hand, ZnO as a semiconductor [6] is
currently in great interest, which has advantages with a wide bandgap of 3.37 eV, a stable
exciton binding energy of 60 meV for near UV spectral range light emission at room
temperature, higher electron mobility and thermal conductivity [7]-[9].

ZnO is a naturally n-type conductivity semiconductor. The reason is donor or acceptor
behavior defects in ZnO such as oxygen vacancy (Vo), zinc interstitial (Zni), etc., and few

candidate shallow acceptors [6]. For reliable intentional n-type conductivity of ZnO, donor

o
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impurities can be used. The group Il elements (B, Al, Ga, and In) are more suitable for n-
type doping of ZnO compared to other group elements. Group 111 elements act as shallow
donors and substitute on the Zn site[10]-[13]. There are various deposition methods such
as MBE (Molecular Beam Epitaxy), PLD (Pulsed Laser Deposition), sputtering, and CVD
(Chemical Vapor Deposition) for producing high conductivity n-type ZnO films.

The major issue is controlling the conductivity and achieving p-type ZnO [14], which
is strongly related to the device applications. For the tendency of n-type conductivity of
ZnO due to low-energy native defects, such as Znior Vo, it is very complicated to obtain p-
type conductivity in ZnO. There has no procedure to achieve reproducible and stable p-
type ZnO because p-type conductivity in ZnO shows instability, reverting to an n-type
conductivity, low solubility in the host material, and few candidates of the shallow
acceptor. The most reliable acceptor doping impurities for p-type ZnO are group V
elements such as phosphorus (P) [15], arsenic (As), antimony (Sb) [16], [17], and nitrogen
(N). Among the acceptor impurities, nitrogen (N) is the most suitable p-type dopant in ZnO
due to its closest ionic radius (1.68 A) to oxygen ionic radius of 1.38 A. The nitrogen
incorporation in ZnO has been reported by several groups, such as N-dopants [18]-[21]
and co-dopant with other materials [22]. Fujita et al. [23] reported N-doped ZnO film by
MOVPE and investigated N-doped epitaxial films (mobility of 150 cm?/Vs) with high
resistivity. However, it is difficult to make stable p-type ZnO films. It was found that the
p-type islands are partly distributed in the plane of the nitrogen-doped layer. This makes it
is impossible to estimate the p-type property by using conventional Hall effect
measurements. The reason for the instability of single-crystal films is unknown, but it is
thought that the strain in the films will be related to this issue.

LEDs based on GaN are mainly used for various applications such as lighting and

display [24]. On the contrary, ZnO has the advantages of useful properties to enable
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optoelectronic applications. These beneficial properties of ZnO distinguish from other
semiconductors. In addition, ZnO is an abundant and low-cost material as an alternative
candidate to GaN. The reason for using ZnO as complementary material to GaN in the
optoelectronics sector has conducted researchers worldwide to focus on the advantages of
semiconductor properties of ZnO. Researchers suggested that ZnO as a promising material
due to large binding energy can be possible to fabricate LEDs by controlling the
unintentional n-type conductivity and obtaining the p-type conductivity. Many researchers
reported the fabrication of homo-structure and heterostructure LEDs based on ZnO
materials. H.C.Chen et al. [25] presented the hetero-junction LEDs using n-ZnO/p-GaN
structure. J. Kong et al. [26] fabricated p-type Sb-doped ZnO/ n-type Ga-doped ZnO films
on Si (100) substrate-based homo-junction LED. A few researchers investigated nitrogen-
doped ZnO or ZnMgO based LEDs with single-crystal films [23], [27]-[29]. As a
semiconductor, ZnO has a most attractive features such as the availability of large area
single crystal thin film. The epitaxial growth of ZnO thin film can potentially lead high
quality with reducing the concentration of extended defects that compare to GaN. The bulk
crystal of ZnO can be growth with various techniques, such as MBE [30], [31], CVD [32],
sputtering [33], vapor-phase transport [34] and so on.

The single-crystal substrate and the epitaxial growth technologies have the problem of
high expenses. The fabrication of LEDs using nanoparticles is facile and inexpensive. This
process based on NPs does not need a single-crystal substrate to realize cost-effective
semiconductor devices. Most of the making device process can be done in the atmospheric
conditions and the vacuum state does not require during the fabrication process. Another
advantage is that a large or small surface-emission area can be possible using the
manageable methods and it can be mitigated the heating problem of the devices. The

nanoparticle films are different from well-known polycrystalline films. Crystal quality in
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the nanoparticles synthesized by plasma is good and shows single crystal properties without
epitaxial growth. The advantage is stable p-type properties and applicable for a low-cost

solution process.

1.3 Introduction to ZnO nanoparticles-based LEDs

Recently, ZnO nanoparticles (NPs) have been a unique and attractive issue. The
fabrication of ZnO NPs is grown using different synthesis processes to obtain massive
amounts of pure and crystalline nanostructure by controlling particle sizes and structural
properties. Previously, many authors developed n-type and p-type conductive ZnO NPs by
doping ZnO NPs with donor and acceptor to fabricate LEDs [35]-[37]. To obtain the p-
type conductivity of ZnO NPs, nitrogen (N) dopants with ZnO NPs are promising materials.
Various fabrication methods were revealed for synthesizing N-doped p-type ZnO NPs by
radiofrequency thermal plasma, hydrothermal-ammonolysis, and Nd: YAG laser ablation.
[38]-[41]. Our group had successfully developed N-doped ZnO NPs using the gas
evaporation method and followed several conditions for obtaining ZnO NPs with p-type
conductivity and n-type conductivity [42]-[44]. O. Senthilkumar et al. [43] reported the
UV emission from ZnO NPs prepared by a gas evaporation method. K. Senthilkumar et al.
[39] presented the mechanism of N-doped ZnO NPs process using the DC arc plasma
method and applied these NPs for biomedical application.

Neshataeva et al. [45] presented undoped ZnO NPs-based large area hetero-structure
LED using a spin coating method. Al, Ga, Mg, Li doped ZnO NPs as an electron transport
layers were used for demonstrating LEDs [36]. On the contrary, our N-doped ZnO NPs
show stable p-type behaviour over ten years, and more than a thousand LEDs were
fabricated with good reproducibility. We had reported LEDs and TFTs [46] using N-doped

ZnO NPs. Itohara et al. [46] presented N-doped p-type and n-type ZnO NPs synthesized
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by gas evaporation method and demonstrated the thin-film transistor. Itohara et al. [46]
showed the mobility of p-type nanoparticle film was 5~7 cm?/Vs. Those of n-type
(undoped) were 0.2~0.7 cm?/Vs. The carrier concentration of p-ZnO NPs film and n-ZnO
(undoped) NPs film was +2.0 x 1012 ~ +2.7 x 102 cm®and —7.0 x 10® ~ —5.5 x 10'® cm
3 respectively. Hiragino et al. [38] reported N-doped ZnO NPs prepared by Radio
Frequency (RF) thermal plasma and fabricated LEDs based on these NPs. The author Fujita
et al. [47] had reported the structure and optical properties of N-doped p-ZnO NPs based
LED coated on GZO (Ga-doped ZnO) transparent electrode films. However, previously
researcher demonstrated the near-ultraviolet electroluminescence (EL) emission of LEDs
using p-ZnO NPs onto the GZO electrode film. The EL emission was detected from the p-
type layer of LEDs because GZO film has very weak luminescence and high carrier
concentration, where GZO had been used as a n-type layer and acted as a current spreading
layer to enhance the injection of electron. On the other hand, it was not understood the role
of nitrogen in p-type characteristics of ZnO NPs. In this research, N-doped ZnO NPs were
prepared in various conditions by the evaporation method and analysed the material
properties depend on the LEDs. The homo-junction UV LED was constructed using N-
doped ZnO NPs as a p-type layer and Ga-doped ZnO NPs as a n-type layer. The hetero
structure ZnO NPs based LEDs was demonstrated using a ZnMgO composite NPs barrier
layer to confine the recombination process. Figure 2 shows a schematic view of all

nanoparticle-based LEDs and EL emission of LEDs.
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Electroluminescence (arb.unit)

450 500
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Figure 2. The Schematic view of p-type and n-type ZnO nanoparticle-based LEDs and EL

emission (Reference [48]).

1.4 Organize the dissertation

This dissertation is organized based on my research articles [48], [49] and is divided

as follows:

1. The DC arc plasma gas evaporation method was studied for the preparation of ZnO
NPs. N-doped ZnO NPs was achieved by optimizing the chamber pressure and arc
current during the preparation. The nitrogen inclusion in ZnO NPs was confirmed
by measuring the Raman spectra, photoluminescence (PL), and X-ray diffraction.

The N-doped ZnO NPs as a p-type conductive materials were applied to fabricate
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UV LEDs. The UV LEDs were characterized by |-V characteristics and EL

measurements.

2. To demonstrate UV homo-junction LEDs, N-doped p-type and Ga-doped n-type
ZnO NPs were used. The properties of N-doped p-type and Ga-doped n-type ZnO
NPs were characterized. It was followed to prepare the LEDs with two different
structures (p-ZnO/GZO and p-ZnO/n-ZnO/GZO). These devices were evaluated
and compared by measuring the I-V, emission power, and EL. It was confirmed that

these devices performed as p-n homo-junction UV LEDs.

3. A heterostructure LED with an additional ZnMgO composite NPs layer as an
energy barrier in the ZnO NPs LEDs has been realized. The ZnMgO NPs prepared
by the composition of ZnO NPs and MgO NPs. The composite ZnMgO NPs layer
is inserted in the LEDs’ structure (p-ZnO/n-ZnMgO/GZQO). The measured
characteristics of LEDs with and without the ZnMgO NPs layer of the structure (p-
Zn0O/ZnMgO/GZO and p-ZnO/GZO) were compared. The results of the LEDs
indicated that the reduction of leakage current and the enhancement of the emission

were occurred by inserting the ZnMgO NPs layer.
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2. Preparation and Characterization of ZnO Nanoparticles
2.1 Preparation Method

ZnO NPs were produced by a vapor gas evaporate deposition method (ULVAC Inc.
Model No- GE-970). Figure 3 shows a schematic diagram of the ZnO NPs generation
equipment. It is possible to control inside the chamber of the equipment by changing the
conditions of pressure (10 to 760 Torr), arc current (10 to 100 A), and gas flow rate up to

20 Lmin™. The procedure of the gas evaporation method will be described below.

A zinc (Zn) ingot (Nilaco Corporation- purity 99.99%) was placed as a raw material at
a predetermined position inside the chamber. Dry air containing nitrogen and oxygen was
supplied to a vacuum state at a constant flow rate. Zn is evaporated continuously by
generating arc discharge between the zinc (Zn) ingot and the carbon electrode. At this time,
Zn was combined with oxygen (O) in the chamber. ZnO nanostructure powder was
generated. The arc discharge is a kind of gas discharge, a phenomenon in which a cathode
side is heated by the collision of cations or the like to a very high temperature. A large
amount of metal vapor is supplied. Thus, electrons are emitted and discharged from the
cathode. As a result, Zn is placed close to the electrode and associated with oxygen in the
chamber. In the discharged state, nitrogen (N) in the chamber becomes radical and unstable.
So, it becomes an acceptor in ZnO nanoparticles. Therefore, using this facile and

manageable method, the generation of p-type ZnO nanoparticles becomes possible.

An arc plasma force and an oxidation system created the preparation of ZnO NPs. The
arc plasma generated N radicals to perform nitrogen incorporation in ZnO NPs. The
nanoparticles quality depends on the experimental parameters like the chamber pressure,
arc current, gas flow rate, and growth period. The chamber pressure throughout the rotary

pump and control valve was between 75 Torr to 760 Torr for different conductivity of ZnO
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nanoparticles. The implemented arc current was 20 A to 70A between metal zinc anode
and carbon cathode. The airflow rate inside the chamber was held at a constant 5 Lmin™
during the synthesis period. In addition, changing the chamber pressure lower to higher
makes it possible to generate p-type and n-type conductivity ZnO NPs, respectively. The
detailed mechanism of synthesized ZnO NPs described in the previous research report [42],

[43].

Vacuum Chamber

Zinc ingot
\ .
hS
Filter
DC power supply
¥ N
N
Rotary pump |
__/\
Carbon Electrode
Exhaust Dry Air

Figure 3. The Schematic view of DC Arc Plasma Gas Evaporation system (MODEL: GE-

970).
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2.2 Characterization
2.2.1 Raman Spectroscopy

The Raman micro-spectroscopy (Tokyo Instruments Nanofinder 30) with 532 nm laser
was used to study fundamental phonons and related impurity-related local vibrational
modes. The Raman spectra results confirmed the nitrogen incorporation in prepared ZnO
NPs because this measurement process approves to be an excellent method for such study.
The wurtzite hexagonal structure ZnO belongs to the symmetry group C?, and consists of
the optical phonon modes. The group theory predicts eight sets of phonon normal modes,
namely, 2A1 + 2E1 + 2B1 + 2E2. The B1 modes are silent, A1 and E1 modes are polar, and
Raman active modes. The nonpolar and Raman active E2 modes have two different
frequency modes. The high-frequency E2 mode involves oxygen atoms, and the low-
frequency E2 mode is associated with the Zn sub-lattice [50]-[52]. Figure 4 shows the

Raman optical phonon modes orientation of wurtzite ZnO.

@ Zinc
polar : LO-TO splitting
® Oxygen
| -
A, E,
I -
| —
I —
non-polar: no LO-TO splitting
+ D -
) E, E; (high)
B (low) l B, (high) > (low)
-
v : l
—_

: ! -

Figure 4. Optical phonon modes of wurtzite ZnO. The polar phonon modes A1 and Ex1 split

into LO and TO. The Biand Ez are non-polar modes.
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Figure 5 and Figure 6 display the Raman spectrum results of the produced ZnO NPs
that regulated a certain arc current of 30 A with a different chamber pressure of 75 Torr~
760 Torr and a particular chamber pressure of 150 Torr with various arc current conditions
of 20 A~70 A respectively. According to the Raman spectra of the ZnO NPs, the Raman
active non-polar phonon modes E2 (high) were introduced at 438 cm™. The polar A1 (TO)
and E1(LO) optical modes appeared at 380 cm™ and 584 cm™, respectively [44], [53]. The
332 cm™ peak intensity of Raman spectra for the second-order scattering feature was
attributed to the multi-photon scattering process [54]. In addition, The desired strongest
local vibrational modes (LVVMs) related on nitrogen content in the Raman spectra were
revealed at 275 and 581 cm™ [55] for the possible nitrogen incorporation in the prepared
ZnO NPs sample. It was ensured that the additional modes of Raman spectra were
according to the disorder imposed by the shallow acceptor dopant. The ZnO NPs
synthesized at a constant arc current of 30 A with the chamber pressure of 75 to 760 Torr.
In this case, the nitrogen concentration in the ZnO NPs is better at the chamber pressure
condition of 150 Torr than the other chamber pressure that indicated the nitrogen related
LVM Raman spectrum. The radical of nitrogen lifetime extended at the low chamber
pressure throughout fewer collisions, which would improve nitrogen inclusion at O-site in
Zn0. On the other hand, the reaction time is shorter at 75 Torr owing to high gas flow
inside the chamber and lower nitrogen incorporated than 150 Torr. It was also followed to
prepare p-type ZnO NPs at the constant chamber pressure of 150 Torr and different arc
currents of 20 to70 A. In this case, we investigated that the nitrogen related LVM of Raman

spectra is better at the arc current of 30 A, comparable to the other arc current conditions.
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30 A arc current condition

—75 Torr

—150Torr
—305Torr
——455 Torr
—610 Torr
—760 Torr

Intensity (a.u)

200 300 400 500 600 700 800
Raman Shift (cm™)

Figure 5. The Raman Spectrum of ZnO NPs (The preparation condition of ZnO NPs was
at the arc current of 30 A and the chamber pressure condition of 75 Torr to 760 Torr)

(Reference [49]).
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Figure 6. The Raman Spectrum of ZnO NPs (The preparation condition of NPs was at the

chamber pressure condition of 150 Torr and the arc current of 20A to 70 A).
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2.2.2 Nitrogen concentrations and Raman peak (275, 581 cm™) Intensity

The nitrogen concentration of prepared ZnO NP powder samples was measured using
a thermal conductivity detector (Horiba EMGA-830). It was followed the condition with a
chamber pressure of 150 Torr to prepare ZnO NPs with high nitrogen concentration
(approximately 2.6 x 10'° cm), which were used to prepare a p-type layer in the LEDs.
Low nitrogen concentration (approximately 5.68 x 10'® cm=) of ZnO NPs were prepared
by following at the chamber pressure of 610 Torr. These NPs were used to dope with Ga
for preparing high-quality n-type conductivity of ZnO NPs as an n-type layer in the diode.
Figure 7 shows the nitrogen concentration of ZnO NPs at the chamber pressure of 150 Torr

and 610 Torr as the function of arc currents of 20 A to 70 A.

—-150 Torr
=610 Torr

2.5X10%

1.5X10%°

5X10%8

Nitrogen Concentration ( cm™3)

10 20 30 40 50 60 70 80
Current (A)

Figure 7. Nitrogen concentration of ZnO NPs as a function of arc current (20 A~ 70 A).

U Interdisciplinary Graduate School of Science and Engineering, Shimane University, Japan.

20



Study of Near UV Light Emitting Diodes Based on Intentionally Doped ZnO Nanoparticles

The relationship between the nitrogen related peaks (275 cm *and 581 cm 1) of Raman
spectra and nitrogen concentration for 150 Torr chamber pressure of ZnO NPs was plotted
with arc currents dependency displayed in Figure 8. These LVM related peaks of Raman
spectra depends on the nitrogen content in the ZnO NPs crystal and found the maximum
value at the arc current of 30 A. Because the optimum arc current condition at 30 A
enhanced nitrogen concentration in ZnO NPs. The obtained LVM peaks (275 cm *and 581
cm 1) of Raman spectra value correlate with the measured nitrogen concentration of ZnO
NPs. The N-doped ZnO NPs at the arc current condition of 30 A were detected a higher
nitrogen concentration of about 2.6x 10'° cm, which was corresponding to the value of
nitrogen concentration in N-doped ZnO NPs previously reported [42]. The nitrogen
concentration of ZnO NPs measured by the thermal conductivity method contains surface
absorbed species of nitrogen molecules. In this case, it can be considered that the
prospective value of Raman peak 275 cm™ intensity of ZnO NPs was estimated as the
nitrogen concentration of the NPs crystal and detailed in the following discussion. Because
the 275 cm™ peaks may have originated from nitrogen substitute at oxygen site, whereas
the broad peak at 581cm™ is related to the defect complexes [57]. Kaschner et al. [55]
suggested that the nitrogen concentration has a linear dependence with the 275 cm™ peaks

of Raman spectra.
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Figure 8. The Raman peak intensity (275 cm™ and 582 cm™) (dot line) and nitrogen
concentration (solid line) as a function with the arc current condition of 20 A ~ 70 A

(Reference [49]).
2.2.3 X-ray diffraction

ZnO lattice belongs to crystal structures such as wurtzite, zinc blende, and rock salt.
The wurtzite structure of ZnO consists of hexagonal symmetry. The hexagonal symmetry
is characterized by constant lattice parameters of a and c. The lattice constants of ZnO
depend on external stress impurities. The lattice crystal structure of ZnO NPs affected by
the incorporation of impurities and studied the modified lattice properties through X-ray
diffraction (XRD). A diffractometer (Smart Lab Rigaku Corporation) with Cuk. radiation
was used for measuring the XRD of the ZnO powder samples. Figure 9 shows the

illustration of the wurtzite crystal structure of ZnO.
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Figure 9. The hexagonal structure of ZnO with wurtzite crystal.

The structural morphologies of N-doped ZnO NPs were examined, which was
followed at the chamber pressure of 150 T and the arc current of 30 A, by XRD
measurement as expressed in Figure 10. The peak pattern of X-ray diffraction for the
powder ZnO NPs samples can well describe the hexagonal wurtzite crystal structure with
proper orientation and consistent with the standard JCPDS data (36-1451) [35] for ZnO.
No additional peaks appeared due to other impurities. ZnO’s wurtzite structure belongs to
the space group C% [58] and consists of the optical Raman-active phonon mode observed
in the Raman spectra of ZnO NPs. The XRD diffraction peak (002) of N-doped ZnO NPs
appeared at a 34.31° angle, which is shifted compared to the diffraction peak (002) for bulk
ZnO (34.42°) [59]. The peak shift was appeared due to the difference of lattice constant by
the high concentrate nitrogen in ZnO NPs lattice. The lattice constant of XRD of ZnO NPs

was calculated. The lattice parameter a-value was 3.26 A and c-value was 5.22 A, which
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was the variation of the ideal lattice constant for ZnO (3.24 A, 5.20 A). The results were

evidence of the inclusion of nitrogen into the ZnO NP crystal lattice.

150 Torr chamber pressure and 30 A arc current condition
—p-type ZnO NPs

(101)
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Figure 10. X-ray diffraction of N-doped p-type ZnO NPs (Reference [49]).
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224 PL

To study the carrier recombination properties of the ZnO NPs, a Horiba FluoroMax-4
Spectrofluorometer with an excitation wavelength of 325 nm using a Xe lamp was used to
detect the PL spectra at room temperature. Figure 11 mentions the PL spectra at near band
edge (NBE) emission and broad visible emission of the prepared ZnO NPs, which was
generated at the chamber pressure of 150 Torr and the arc currents of 20 A to 70 A. The
near band edge (NBE) and deep level emission peaks were observed from the PL spectrum.
The deep level emission occurred due to the point defect related transition of ZnO NPs.
Because ZnO has native or intrinsic defect phenomena like oxygen vacancies (Vo), zinc
vacancies (Vzn), and zinc interstitials (Zni), etc [60]-[62]. In the PL spectrum of as-prepared
ZnO NPs samples, the defect-related deep level emission increased due to oxygen
deficiency (Vo) by introducing the efficient acceptor nitrogen at oxygen sites in ZnO lattice.
The NBE emission peak shifted toward the lower energy side because of the donor-acceptor
pair (DAP) transition [63]. The NBE emission of ZnO NPs was found comparably strongest

at the arc current of 30 A compared to other arc currents.
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Figure 11. PL emission spectra of N-doped p-type ZnO NPs (The preparation condition of

NPs was at the chamber pressure condition of 150 Torr and the arc current of 20 A to 70

A).
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The acceptor nitrogen incorporation in the ZnO NPs crystals is revealed in their
Gaussian deconvolution of PL spectra at near band edge (NBE) emission through the
occurrence of donor-acceptor pair (DAP) recombination [64]-[66]. The intensity of DAP
emission increased with the increasing nitrogen concentration in the ZnO NPs crystal,
which is reflected in the acceptor levels of ZnO NPs. Zeuner et al. [67] suggested the nature
of the DAP band at 3.24 eV for nitrogen-doped ZnO. Figure 12 (a) represents the NBE
emission and the deconvolution peaks corresponding to the DAP and exciton emission. The
observation was found that the DAP band emission was centred on a strong signal at about
3.23 eV, and the vigorous band intensity confirmed the involvement of nitrogen acceptor
in ZnO lattice [68]. Figure 12 (b) shows the ratios DAP/exciton emission plot versus
Raman peak 275 cm™ intensity in the respective samples. The DAP and exciton emission
intensity ratios were nearly proportional to the ZnO NP lattice's nitrogen content, revealing
275 cm peak intensities of Raman spectra. In this case, the nitrogen concentration of the
ZnO NPs crystal correlates with the acceptor concentration in the ZnO lattice. Thus, it can

be assumed that incorporating nitrogen in the p-type ZnO NPs acts as an acceptor.
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Figure 12. (a) is the Gaussian deconvolution for NBE emission of PL spectra of N-doped
p-type ZnO NPs (Reference [49]) (b) is the ratios of DAP / Exciton emission versus Raman

peak 275 cm™ intensity.
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3. Fabrication and characterization of ZnO: N NPs (p)/ GZO UV LEDs

3.1 Fabrication of LEDs

For fabrication of LEDs, N-doped ZnO NPs used as a hole transporting p-type layer.
The p-type ZnO NPs dispersion prepared by mixing with p-type ZnO NPs (0.059),
Isopropyl Alcohol (IPA) (0.3 ml), and binder (0.1g) (Silsesquioxane OX-SQ SI 20,
Toagosei Co., Ltd) for the fabrication of LEDs. The ZnO NPs dispersion coated on the
GZO electrode film (thickness of 500 nm) by a spin coating process. The GZO (Ga-doped
ZnO) films were prepared using a 5% Ga-doped ZnO target on a 500 um thickness of glass
substrate by RF magnetron sputtering at the temperature of 300°C. The spin coating process
followed two-step rotational conditions at the first speed of 1000 rpm for 5 sec and a final
speed of 4000 rpm for 10 sec. A hot plate sintered the p-ZnO NPs coated layer at ~300°C.
Gold (Au) electrodes with 30 nm thickness were deposited on both p-type layer and GZO
film as a contact electrode using vacuum deposition procedure. Figure 13 shows the
schematic structural view of ZnO-based LEDs using a p-type layer on GZO electrode film.
The contact electrode of Au shape on the p-type layer was 1 mm square and on the GZO

film was the larger shape.
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Figure 13. The schematic view of ZnO-based LEDs (Reference [48]).

3.2 |-V characterization

LEDs’ current-voltage (I-V) measurement was performed using a parameter analyser
(B2900A series of High-Resolution SMU module Keysight Technologies). We fabricated
LEDs using N-doped p-type ZnO NPs. We chose to prepare N-doped ZnO NPs at the
chamber pressure of 150 Torr and the arc currents between 20 A to 70 A. Figure 14
displays the I-V properties of the fabricated ZnO NPs LEDs. The I-V characteristics of
LEDs revealed a diode rectification character under dark conditions at room temperature.
The device resistance under forwarding bias was noticed from the I-V curve due to the high
resistivity of the ZnO NPs. The leakage current was observed from the devices, but the
meaning of leak current variety for various conditions of ZnO NPs is still unknown and

requires further investigations.
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Figure 14. 1-V characterization of ZnO NPs based LEDs (Reference [49]).
3.3EL.

The EL was evaluated from the top side of the p-contact electrode at room temperature
using the Ocean Optics QE65000 fibber multi-channel monochrome meter. The EL
properties of ZnO NPs LEDs were measured at a forwarding bias voltage of 10 V, shown
in Figure 15 (a). The EL intensity of LEDs identified the near band edge UV emission. We
did not observe the deep level emission in EL spectra, which were kept in PL spectra
excited by a weak power source because the higher density excitation limited the deep level
transition. Figure 15 (b) expressed the EL intensity of LEDs versus the DAP/exciton
emission of PL intensity of these p-type ZnO NPs. The device’s EL intensity depends on
the nitrogen content in p-type ZnO NPs, which is shown in the relation between nitrogen
involved LVM of Raman peak (275 cm™) intensity and the EL intensity of the LEDs shown

in Figure 15 (c). Therefore, The EL emission intensity of the devices is near proportional
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to the acceptor nitrogen concentration of the ZnO NPs crystal. Finally, we found that the
electroluminescence properties of the devices were better at the chamber pressure condition
of 150 Torr and the arc current of 30 A compared to other conditions that are in agreement

with the higher nitrogen concentration of this conditional prepared ZnO NPs.
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Figure 15. (a) The EL spectra of ZnO NPs LEDs (Inset shows the UV emission of LEDs)
(Reference [49]) The graph of EL intensity of LEDs versus DAP/exciton emission (b) and

Raman peak intensity of p-type ZnO NPs (c).
3.4 Conclusion:

The acceptor nitrogen dopants in ZnO NPs successfully carried out by DC arc plasma
gas evaporation. The nitrogen concentration was measured by a thermal conductivity
detector. The surface adsorbed species of N2 molecules contained in ZnO NPs crystal. It
was considered the Raman peak intensity of 275 cm™ as the nitrogen content in ZnO NPs.
The PL of ZnO NPs was conducted to investigate the exciton and donor-acceptor pair
(DAP) emission. The DAP/exciton emission ratios are near proportional to the Raman peak
intensity of 275 cm™. The LEDs were fabricated using the N-doped ZnO NPs and observed
the diode characteristics of the LEDs. The enhancement of the EL emission of the LEDs
was near proportional to the ratios of DAP/exciton emission and the Raman peak of 275
cm. The results indicated that the efficient nitrogen dopants in ZnO NPs acted as a

suitable acceptor.
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4. Fabrication and characterization of ZnO: N NPs(p)/ZnO: Ga NPs (n)/GZO homo-
junction UV LEDs

4.1 Materials preparation

Shafiqul et al. [48] reported that the preparation of N-doped ZnO NPs with the radicals
(oxygen and nitrogen) created in the air plasma using a zinc-metal vapor technique. In our
group previously reported the detailed about the whole experiment process and mechanism
of the NPs preparation [69]. In the experiment, zinc metal (Nilaco corporation - Zn 99.99%)
ingot was prepared and placed inside the chamber as a zinc source. Dry air with a 5 Lmin
! flow rate was entered in the chamber and played a role as the source of oxygen and
nitrogen. An arc current induces a simple oxidation process at 20 A to 70 A between the
cathode of carbon and the anode of metal zinc source. The pressure inside the chamber was
controlled at 150 Torr and 610 Torr by the monitoring valve and the rotary pump
throughout the preparation time of NPs. The chamber pressure at 150 Torr and arc current
of 30 A were followed for preparing p-type conductivity ZnO NPs as a hole injection layer.
The chamber pressure of 610 Torr and arc current of 70 A used to prepare ZnO NPs and

doped with Ga for n-type conductivity as an electron transporting layer.

Intentionally n-type doping has been chosen using efficient donors like the group Il1-
oxide (Ga20s3), which can easily substitute on the host ZnO site act as shallow donors in
ZnO lattice. Ga-doped ZnO NPs are prepared by thermal diffusion of Ga into ZnO. In this
case, the synthesized ZnO (610 Torr chamber pressure) NPs (0.1 g) and Ga203 (0.015 g)
(Sigma Aldrich Co. Ltd.), which as a Ga source, were mixed and annealed in an electric
furnace at ~900 °C temperature under N2 ambient flow (0.5 L min™) for 1 hour. In the
furnace, the temperature increased from room temperature to 900 °C within 10 min, and

after 1-hour of thermal treatment, the Ga-doped ZnO NPs samples were cooled down to

U Interdisciplinary Graduate School of Science and Engineering, Shimane University, Japan.

34



Study of Near UV Light Emitting Diodes Based on Intentionally Doped ZnO Nanoparticles

less than 40 in 2 hours. In this research article explained the detailed of experimental
procedure for the preparation of Ga-doped ZnO NPs [37]. Figure 16 shows the preparation

process of Ga-doped ZnO nanoparticles.

ZnO nanoparticles .
P Ga, 05 nanoparticles Zn0O and Ga,0, mixed

(The chamber pressure of 610 Torr Si Aldrich Co. L .
. Ltd.
and arc current of 70 A) LRigma Aldnen 00, Lid.) nanoparticles

/mmuuu\— AN 27N

/ X \
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N, ambient Annealing 900° C

Figure 16. The preparation process of Ga-doped ZnO NPs using thermal ambient.
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4.2 X-ray diffraction of as-prepared ZnO NPs and Ga-doped ZnO NPs

Shafiqul et al. [48] presented that the efficient donors for n-type doping were
intentionally chosen, like the group I11-oxide (Ga203), which can easily substitute host ZnO
site acting shallow donors in ZnO. Figure 17 expresses the X-ray diffraction (XRD) of the
powder samples of as-prepared ZnO NPs, which was prepared the pressure of 610 Torr and
arc current of 70 A, and Ga-doped ZnO NPs. The XRD peak of the synthesized ZnO NPs
and Ga-doped ZnO NPs has narrated the structure of hexagonal wurtzite crystal with
accurate orientation in agreement with the standard JCPDS data (card no. 36-1451) [35] for
Zn0O. Some excessive peaks were attributed in the XRD of Ga-doped ZnO NPs according
to Ga20s NPs compounds after annealing with as-prepared ZnO NPs. Diffraction (002)
peak (34.29°) for as-prepared ZnO NPs indicated the angular position toward lower side
compared to that of bulk ZnO (34.42°) [70] because of the difference of the lattice constant
due to nitrogen introduced in the ZnO NPs. In Figure 17, the inset of right side defines the
002 peak of XRD for as-prepared ZnO NPs and Ga-doped ZnO NPs. It exhibits that the
observation of (002) peak position (34.326°) of Ga-doped ZnO NPs is a slightly toward the
higher angle compared to the as-prepared ZnO NPs peak position (34.29°). The reason is
the variation of lattice constant of the as-prepared ZnO NPs and the Ga-doped ZnO NPs.
The lattice parameter of as-prepared ZnO NPs was 3.263 A for a-value and 5.225 A for c-
value. On the other hand, the lattice parameter of as-prepared ZnO NPs was 3.260 A for a-
value and 5.221 A for c-value. The degradation of lattice parameter of Ga-doped ZnO NPs
was happened due to the contamination of foreign materials (Ga doping) in the host ZnO
lattice. This is the actual consequence due to the size variety of ionic radius Zn (0.60 A)
and Ga (0.47 A) [71]. The phenomenon is due to small size of the Ga atom deformed the

ZnO lattice and decreased the lattice constant. H. Gomez et al. [71] reported that the
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reduction of the lattice parameter (c) depended on the ratio of excess Ga content in the ZnO

lattice.
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Figure 17. X-ray diffraction spectra of the as-prepared ZnO NPs and Ga-doped ZnO NPs.
The inset shows a comparison of the diffraction peak (002) for the as-prepared ZnO NPs

and Ga-doped ZnO NPs (Reference [48]).

4.3 PL Comparison

The PL measurements of as-prepared ZnO NPs, and Ga-doped ZnO NPs sprayed layer
on the substrate were conducted. Figure 18 shows the PL spectra of as-prepared ZnO NPs
and Ga-doped ZnO NPs. A weak source of Xe- lamp was used to mark the defect emission
by weak excitation conditions. A sharp UV emission was found at around 380 nm

resembling to the near band edge (NBE) transition of ZnO [72]. A broad deep-level
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emission was attributed to the point defect-related transition of ZnO NPs [73]. The broad
emission was appeared due to the native defects like vacancies (Vzn, Vo) and interstitials
(Zni) [74]. The near band edge of PL intensity for Ga-doped ZnO NPs was improved, which
was referred from the comparison of PL spectra results. Because the role of Ga atom as an
activated donor leaded to raise the charge carriers. The Ga-doped ZnO NPs defect level
emission showed a significant reduction when placed into the vacant site in ZnO. It can be
supposed that the extrinsic dopant shallow donor Ga is dominant in the zinc site and
composed of substitutional Ga atoms [18], [75]-[77]. The above discussion on PL spectra
has indicated that the relatively lower defects of Ga-doped ZnO NPs was attained. These

Ga-doped ZnO NPs can be possible to use for the application of n-type layer in the LEDs.
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Figure 18. PL spectra of the as-prepared ZnO NPs (solid line) and Ga-doped ZnO NPs (dot

line) sprayed layers.
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Figure 19 shows the PL spectra of p-type ZnO NPs and Ga-doped n-type ZnO NPs.
The comparison of PL spectra between N-doped ZnO and Ga-doped ZnO NPs indicates
that the peak energy (3.246 eV) of NBE emission of PL spectra for the Ga-doped n-ZnO
layer was shifted toward lower energy side compared with NBE peak energy (3.263 eV)
for the p-ZnO layer as mentioned in Figure 19. The reason for the shift of lower energy
side is possibly due to the enhancement of electron concentration and appearing donor-

acceptor pair transition [78] in addition to the excitonic emission.

Ga-doped n-ZnO NPs

N-doped p-ZnO NPs

PL Intensity (a.u.)

2.1 22 23 24 25 2.6 2.7 28 29 3 31 32 33 34 35

Photon energy (eV)

Figure 19. PL emission spectra for N-doped p-ZnO NPs (solid line) and Ga-doped n-ZnO
NPs (dot line).
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4.4 Hall measurement for ZnO nanoparticles

The electron mobility and carrier concentration of the ZnO NPs was conducted using
the van der Pauw method (HL5500PC with HL5580 Buffer Amplifier, ACCENT). The
Hall effect results are notable results that show the signs of carrier polarity. The mobility
of N-doped ZnO NP film was approximately 4.61 cm?/Vs., and the Ga-doped ZnO NP film
was about 6.63 cm?/Vs. The carrier concentration of N-doped ZnO NP films and Ga-doped
ZnO NPs films were 3.2 x 10*® cm™ for p-type conductivity and -2.696 x 10 cm for n-
type conductivity, respectively. However, these results dominate the property of gain
boundaries (GBs) between NPs. Previous literature reported gain boundaries are contained
in the nitrogen-doped ZnO layer [46], [79]-[81]. The carrier tap will be happened by the
defect in GBs with creating the energy barriers. But this is dissimilar for the case of LEDs
because the current flow of the LEDs in a direction of vertical to the NPs film surface and

the number of boundaries is negligible.
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45 Fabrication of LEDs

According to Shafiqul et al. [48], two types of ZnO NPs LEDs were designed. A kind
of LED had an N-doped p-ZnO NP layer placed on the GZO transparent electrode film.
Another type had p-type layer of N-doped ZnO NP and n-type layer of Ga-doped ZnO NP
coated on the GZO film as shown in Figure 20 (a) and Figure 20 (b), respectively. The
GZO film (thickness of 500 nm) was prepared by the deposition of RF magnetron
sputtering at 300 °C using a 5% Ga doped ZnO target on the thickness of 500 um white
glass substrates. The dispersion of n- ZnO NPs were prepared using an ultrasonic
homogenizer by mixing 20 g pure water with 0.2 g Ga-doped ZnO NPs. A centrifugal
separator separated the large particles from the dispersion (3000 rpm, 1min). To form the
n-ZnO NP layer, the divided dispersion was sprayed using an airbrush onto the GZO
electrode film, which was on the hot plate at ~300 °C temperature.

The synthesized p-type ZnO NPs (0.05 g) was mixed with Isopropyl Alcohol (IPA) (0.3
ml) and (0.1 g) binder (Silsesquioxane OX-SQ ME 20, Toagosei Co., Ltd) to prepare p-
ZnO NP dispersion. This dispersion was coated on the GZO and n-ZnO NP layer to
fabricate LEDs. The spin coating process was carried out at an initial speed of 1000 rpm
for 5 sec and accelerated to 4000 rpm for 10 sec. The coated NP layer was sintered on the
hot plate at ~300 °C for 1 min. Finally, gold (Au) as a contact electrode with 30 nm
thickness was deposited on both the p-ZnO NP layer (1 mm square) and transparent GZO

film (large shape) using the deposition process.
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Figure 20. Schematic view of ZnO NPs based LEDs. (a) p-ZnO NPs/GZO structure (b) p-
Zn0O NPs/n-ZnO NPs/GZO structure (Reference [48]).
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4.6 SEM measurement

The ZnO NPs dispersion was prepared and measured the nanoparticles size of the ZnO.
Using the ZnO NPs dispersion, the NPs layers were made and measured the SEM image of
the ZnO NPs layers. A scanning electron microscope (SEM) (JEOL Ltd., JCM- 7000) was
used to study the surface and cross-section image of the ZnO NP layer. A Horiba LB-550
dynamic light-scattering analyser was used for measuring the particles size of ZnO NPs
dispersion. Figures 21 (a) and (b) show the surface SEM image of the top layer of the ZnO
NPs and the particles’ size of the ZnO NPs dispersion, respectively. Figures 21 (c) and (d)
indicate a cross-sectional view of the LEDs with different structures. The p-ZnO NP layer
on the GZO electrode and the p-ZnO NP layer and n-ZnO NP layer on GZO, respectively.
We cut the samples with a diamond wire cutter to view the cross-section of the device

layers. The samples were not cut precisely due to the NP layer during the cutting process.

But it could be estimated that the thickness of the spin-coating p-ZnO NP layer was around

3 um, and sprayed n-ZnO NP layer was about 2 um thickness.
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Figure 21. SEM surface image of the ZnO NP layers (a); particles size of the ZnO NPs (b);
SEM cross section images p-ZnO NP layer (c), p-ZnO NP layer and n-ZnO NP layer (d)

(Reference [48]).
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4.7 1-V characteristics and light output power measurement

Shafiqul et al. [48] presented that the characterization of I-V and the intensity of EL
power for the LEDs were measured . The electrical and optical properties of the LEDs were
investigated under dark conditions at room temperature, as shown in Figure 22. The
measurement of 1-V curves with diode characteristics, and the emission of EL power were
attained, where the turn-on voltage was around 3 V. That is mainly similar to the bandgap
energy of ZnO. It was found from the I-V curve of the LEDs with a high resistance under
forwarding bias condition due to the higher resistivity of the ZnO NP layers. The leakage
current was observed [82]. The possible reason that the N-doped ZnO NPs for the p-type
layer also consisted of n-type ZnO NPs because the arc plasma is unstable for synthesis.
From Figure 22, the leakage current of the p-ZnO/n-ZnO/GZO LED structure was
significant compared to that of the design of p-ZnO/GZO LED. This is perhaps that the
roughness of NP layers was increased because the NP layer was inserted by a sprayed
coating process. The EL power emission of the LEDs was carried out through the glass
substrate onto the photodiode. The following equation used to evaluate the EL power

calculation:

The external efficiency, 5 = 2Qc / 4n 1)
Here, Qc=2m (1- cos 6); critical angle, 0c=sin(1/n).

The total EL power of the LEDs was calculated approximately 12 times larger than the
observed value, only the glass substrate assumed an accurate reflection of the surface. The
EL power for p-ZnO/n-ZnO/GZO LED indicates the droop effect in a high voltage region.
This was mainly due to the higher current density of p-ZnO layer. The current pass through

the p-type layer was compressed by the insulating binder and originated heat into the
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device. The EL power for p-ZnO/n-ZnO/GZ0O LED is almost twice as larger as the p-ZnO

/ GZO LED at the voltage below the drooping area.

3.0
02 b e—n. %
p-Zn0O / n-Zn0 / GZO sl Bl
- = p-Zn0 / GZO g
/
o
I-V Curve g
= 120
Et'01 ¢ =
3 &
-}
n| =
| |
{110
0.0
-10 5 0 5 10

Voltage (V)

Figure 22. I-V characterization and EL power of ZnO NPs based LEDs with the structure

of p-Zn0O/n-ZnO/GZO and p-ZnO/GZO (Reference [48]).
48 EL

According to Shafiqul et al. [48] report, Figure 23 shows the comparison of EL spectra
for two different ZnO NPs based LEDs. The intensity of EL spectrum was increased
particularly by adding the n- ZnO NPs active layer rather than without the n-ZnO NP layer.
GZO electrode layers had not luminescence in these LEDs because GZO electrode film as
a n-type layer has a very high carrier concentration (around ~102! cm), where the weak

luminescence n-GZO electrode layer acted as a current spreading layer to enhance the
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uniformity of electron injection. In the formation of p-ZnO/GZO LEDs, electron injection
had led GZO layer to carrier recombination in the p-ZnO NP layer because the active area
exists only at this layer. On the other hand, the structure of p-ZnO/n-ZnO/GZO LEDs, n-
type ZnO NP layer had low carrier density than GZO. The charge recombination would be
generated in the n-ZnO NP layer, which acted as an active region. Thus, the magnification
of EL was due to the addition of the n-type layer, and this layer was acting as a light-
emitting layer. In that case, holes injection should be injected from the p-ZnO layer to the

n-ZnO layer.

The EL emission peak energy for p-ZnO/GZO LED was found at around 3.20 eV, and
the EL peak energy for the device added an n-ZnO layer (p-ZnO/n-ZnO/GZ0O) was
observed near 3.23 eV, as shown in Figure 23. Both, EL peak energies for both LEDs were
shifted toward the lower energy side compared to PL spectra. On the other hand, the EL
peak of p-ZnO/n-ZnO/GZ0O showed higher energy than p-ZnO/GZ0O, which is the opposite
of the PL result. It is one of the reasons that the energy shift of the EL toward the lower
energy side due to the temperature rising and occurred the degradation of the bandgap
energy [83]. If this is the actual purpose, a significant change should be happened in p-
Zn0O/n-ZnO/GZO LED because it had noticed a droop effect in the EL emission power, but
the result is irrelevant. Another probable cause is red-shifts of EL that the carrier density
of the higher injection by exciton-exciton collision and electron-hole plasma was occurred
in the device, which was seen in the PL spectra at higher excitation densities [84], [85].
Taking this effect into account, it is consistent with the experimental result because the
carrier flow passes at the p-ZnO layer with insulating binder will be concentrated. Resulting
in, this p-ZnO NPs is comprise higher excitation density and the emission of EL is large
redshift, but that in the n-ZnO layer will expanse to the NP layer without binder, as a result,

the layer consists of lower excitation density and the emission of EL is smaller redshift.
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The temperature of the structure (p-ZnO/n-ZnO/GZ0O) LEDs and the structure (p-

Zn0/GZO) was calculated using the varshni model [83]:
Eg (T) = Eg (T=0) — aT? (T+p) (2)

Where the temperature coefficients are, « = -5.5 x 10* eVK™ and g = -900 K for
temperature up to 300 K [86], [87]. The peak energy (3.23 eV) of EL spectra for the
structure p-ZnO/n-ZnO/GZO LEDs calculated temperature was approximately 426 K. On
the other hand, the peak energy (3.20 eV) of EL spectra for the structure p-ZnO/GZO LEDs

temperature was approximately 450 K.

The EL emission of p-ZnO/n-ZnO/GZO LEDs was observed at 40 mA and 200 mA
injection current. The peak position of EL at the low injected current of 40 mA was 3.243
eV, nearly the same as the PL peak energy (3.246 eV) of the Ga-doped n-ZnO NPs layer.
On the other hand, the EL peak position of p-ZnO/n-ZnO/GZ0O LEDs at the high injected
current of 200 mA was 3.23 eV, shown in Figure 24. The redshift of the EL was appeared
due to the D-A pair emission that is also consistent with the results. The defect emission of
the PL spectra was revealed which was excited by weak light source, which were not
observed in EL spectra. Because the intensities of these emissions will saturate at such a
strong excitation condition as these transitions are limited by the density of the levels,
unlike excitonic emission. Thus, it can be considered that the evaluated EL emission of the
structure (p-ZnO/n-ZnO/GZO) LEDs was ascribed owing to the radiative recombination

was emerged in the n-ZnO NP layer as well p-ZnO layer.
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Figure 23. Comparison of EL spectra for ZnO NPs LEDs with the structure of p-ZnO/n-
ZnO/GZO and p-ZnO/GZO. The LED’s UV emission photographs show in the insets with

the forward bias of 10 V (Reference [48]).
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Figure 24. Comparison of EL spectra for ZnO NPs LEDs with the structure of p-ZnO/n-

ZnO/GZO at the injection currents of 40 mA and 200 mA (Reference [48]).
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4.9 Conclusion:

N-doped ZnO NPs and Ga-dope ZnO NPs prepared as p-type and n-type conductivity,
respectively. The p-type and n-type ZnO NPs used to fabricate LEDs with the structure of
p-ZnO/GZO and p-ZnO/n-ZnO/GZO. The evaluation of the characterization of the LEDs
confirmed that the mechanism of LEDs showed as the p-n homo-junction devices, which
is the world’s first all nanoparticles-based LEDs. The EL power of the structure (p-ZnO/n-
ZnO/GZ0O) LEDs enhanced doubled by inserting n-ZnO NPs layer compared to the

structure (p-ZnO/GZO) LEDs.
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5. The hetero-structure LEDs based on ZnO NPs by inserting ZnMgO NPs layer.

It was realized to improve the performance of optoelectronics and electronics devices
by creating barrier layers and quantum wells in the hetero structure of the semiconductor
devices. Because carrier confinement is an essential requirement for improving
luminescence [88]-[90], carrier confinement can lead to high radiative recombination in
the active region of the devices. Bandgap engineering is a necessary process for changing
the energy structure of ZnO. The energy structure of ZnO has been changed by doping,
surface modification, and size control [91]-[93]. The following equation determines the

energy bandgap turning in a wide range.

Eg (X) = (1-X) Ezno + X Eao — b X (1-X) (3)

Where b is the bowing parameter and Eao, and Ezno is the bandgap energies of the

compounds AO (MgO) and ZnO, respectively.

MgO composite with ZnO can be an effective process for bandgap engineering by
changing the conduction band and valence band [94], [95]. A considerable report presented
one of the suitable candidates of ZnMgO alloy considered for the barrier layers by ZnMgO
super-lattice structures. The ZnMgO alloy enables widening the bandgap energy of ZnO
between 3.3 to 7.7 eV. The MgO exciton binding energy (80 meV) is larger than the
wurtzite structure of ZnO (60meV). It can be advantageous to bode properly with Mg

content for deep UV devices applications.
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5.1 ZnMgO composite NPs preparation

We prepared ZnO NPs using the gas vapor technique with a chamber pressure of 610
Torr and an arc current of 50 A. The mechanism of the particles process is explained before
the NP preparation section (2.1). The samples fabricated at the high pressure of 610 torr
exhibit n-type conductivity [46]. For the preparation of ZnMgO composite NPs, the as-
prepared ZnO NPs (0.1g) and MgO NPs (0.05g) were mixed with the vortex mixer. The
ZnO NPs and MgO NPs mixture was placed in an electric furnace and annealed under an
N2 gas flow of 0.5 Lmin inside the furnace. The furnace temperature was increased from
room temperature to 1000 °C within 10 minutes and kept constant for 60 minutes. The NPs
samples were cooled down to less than 40 °C in 2 hours. Figure 25 shows the preparation

process of ZnMgO composite NPs using a thermal treatment.

Thermal treatment

s
v

UL T e

Mixed ZnO and MgO NPs N, ambient Annealing 1000° C

Figure 25. The preparation process of ZnMgO composite NPs using thermal treatment.
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5.2 X-ray diffraction

Figure 26 shows the X-ray diffraction (XRD) patterns of the ZnMgO NPs and as-
prepared ZnO NPs powder samples. The diffraction peaks of ZnO NPs and ZnMgO NPs
had the hexagonal wurtzite structure, which agrees with ZnO’s standard JCPDS (card no.
36-1451). The additional peaks attributed corresponding to the formation of MgO (No-7-
239) [96] compounds from the presence of remaining MgO NPs after annealing. The shift
of XRD peaks of ZnMgO NPs occurred toward the lower angle. The lattice constant of
ZnMgO NPs was varied from the as-prepared ZnO NPs due to the inclusion of the foreign
impurity (Mg*?) imposed in the host ZnO lattice. This attribution happened due to the
difference of ionic radius, where Mg ionic radius is 0.57 A, and Zn is 0.60 A [96]-[98].
The lattice constant of as-prepared ZnO NPs was 3.259 A for a-value and 5.2207 A for c-
value. On the other hand, the lattice constant of ZnMgO NPs was 3.270 A for a-value and
5.2361 A for c-value. The ratios of the c/a lattice parameter were 1.6019 for as-prepared
ZnO NPs and 1.6012 for ZnMgO NPs. The ratio of the c/a lattice parameter was decreased
and affected the semiconductor bandgap, which consisted of the previously reported
literature [99]. Vegard’s law is a rule that expresses a proportional relationship between the
lattice constant of the alloy and the concentration of composite elements [100]; for the

composite Zn1-xMgxO NPs, the equation is-
Azamgo = X Amgo + (1-X) Azno 4)

where A is the lattice constant. From the experimental results, the lattice constant of as-
prepared ZnO NPs is 3. 259 A, and that of ZnMgO is 3.270 A. The lattice constant of MgO
is 3.32 A [101],[102]. It was calculated that the content (x) of Mg in the composite

Zn0.82Mgo.180 NPs was 0.18.
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Figure 26. X-ray diffraction of as-prepared ZnO NPs and ZnMgO composite NPs.

5.3 Optical absorption

The optical absorbance spectra for as-prepared ZnO NPs and ZnMgO NPs at room
temperature are shown in Figure 27. The peak energy of the absorbance spectrum for as-
prepared ZnO NPs was exhibited at about 3.263 eV. On the other hand, a broad absorption
with the peak energy position at about 3.376 eV was observed for the ZnMgO composite
NPs. The peak energy of ZnMgO NPs shifted toward the higher energy side, which can be

appeared due to the variation of bandgap energy [88], [103], [104].
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Figure 27. The absorbance of as-prepared ZnO NPs and ZnMgO composite NPs.
54 PL

Figure 28 shows the comparison of the results of the PL spectra for the as-prepared
ZnO NPs and ZnMgO composite NPs. The observed peak position of the band edge
luminescence for ZnMgO NPs was at about 3.278 eV and for the as-prepared ZnO NPs was
at around 3.246 eV. The energy peak position of the ZnMgO NPs shifted toward a higher
energy level than the peak energy of as-prepared ZnO NPs, which is consistent with the
results of absorbance measurements. The difference of PL peak energy between the ZnO
NPs and ZnMgO NPs is 32 meV. As we know, the bandgap energy of ZnO is 3.37 eV. In

this case, the composite ZnMgO NPs bandgap is 3.4 eV.
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Figure 28. Room temperature photoluminescence spectra of as-prepared ZnO NPs and

ZnMgO composite NPs.
5.5 Devices preparation

Two structural LED devices were prepared using N-doped p-type ZnO NPs, and
ZnMgO composite NPs coated on the GZO electrode. One LED structure is p-ZnO/GZO,
and another is p-Zn0O/ZnMgO/GZO, as shown in Figures 29 (a) and (b). The ZnMgO NPs
dispersions with n-type conductivity were prepared by mixing 0.2g ZnMgO composite NPs
with 20 ml pure water using an ultrasonic homogenizer. Using a centrifugal separator, the
large particles were separated. For creating the ZnMgO NPs layer, the dispersion was
sprayed by airbrush onto the GZO electrode film, which was on the hot plate for heat

treatment at the temperature of 300 °C.

The p-type ZnO NPs were mixed with Isopropyl Alcohol (IPA) (0.3 ml) and binder

(0.1g) (Silsesquioxane OX-SQ SI 20, Toagosei Co., Ltd) and placed on the GZO film and
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ZnMgO NPs layer by spin coating process for the fabrication of LEDs. Gold (Au) was

deposited on the p-ZnO layer and GZO as a contact electrode.

Figure 30 (a) and (b) show the band diagram of LEDs with p-ZnO/GZ0O and p-ZnO/n-

ZnMgO/GZO structures, respectively.
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Figure 29. Schematic diagram of ZnO NPs based LEDs. (a) p-ZnO NPs/GZO structure
(Reference [49]); (b) p- ZnO NPs/n-ZnMgO NPs/GZO structure.
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Figure 30. The band diagram of ZnO NPs based LEDs (band bending is not taken into
account) (a) p-ZnO/GZO structure; (b) p- ZnO/n-ZnMgO/GZO structure.

5.6 1-V Characteristics

The 1-V properties of these LEDs were evaluated. Figure 31 shows the I-V
characteristics of LEDs at room temperature in a dark environment. The leakage current
was observed from the I-V curve for both structures of LEDs. It can be seen the leakage
current reduction was happened for the structure of p-ZnO/n-ZnMgO/GZO LEDs
compared to the structure of p-ZnO/GZO LEDs. It seems that the insertion of the ZnMgO
NPs composite layer improved the reduction of leakage current in the structure (p-ZnO/n-
ZnMgO/GZO) of LED. The reason of the reduction of the leakage was that the barrier layer
confined the radiative recombination process in the active region. The 1-V curve for the
LEDs with the structure of p-ZnO/n-ZnMgO/GZO show the turn on voltage of the forward
region for p-n junction was similar to the bandgap energy of ZnO, but it was not observed
for the LEDs with structure of p-ZnO/GZO due to higher current density compared to the

LEDs with structure of p-ZnO/n-ZnMgO/GZO.
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Figure 31. 1-V characterization of ZnO NPs based LEDs with the structure of p-ZnO/n-
ZnMgO/GZO0 and p-ZnO/GZO0.

5.7 EL

The EL spectra of the LEDs with p-ZnO/n-ZnMgO/GZ0O and p-ZnO/GZO structures
at room temperature are presented in Figure 32. By inserting the ZnMgO NPs energy
barrier layer, the EL spectra intensity increased compared to without the ZnMgO NPs layer.
Because GZO has high electron concentration and p-ZnO layer has low hole concentration.
The LEDs with p-ZnO/GZO structure shows a charge imbalance, which means that more
electrons are congregated in the p-ZnO layer with holes. The configuration of inserting the
ZnMgO layer (p-ZnO/n-ZnMgO/GZO) is a structure that balances the concentration of
electrons and holes. The reason was that the energy barrier layer blocked the overflow of

the holes and accumulated the holes concentration in the active region. Figure 33 (a) and
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(b) show the band diagram of the LEDs with p-ZnO/GZO and p-ZnO/n-ZnMgO/GZO

structures under the forward bias conditions, respectively.

The peak energy of EL emission for p-ZnO/GZ0O LEDs was found at around 3.23 eV.
On the other hand, the peak energy of EL spectra for the LED with inserting ZnMgO NPs
layer (p-ZnO/n-ZnMgO/GZ0O) were observed at about 3.21 eVV. When comparing the EL
spectra for both LEDs, the emission energy peaks were shifted toward the lower energy
side. The results prove that the EL emission occurred by the carrier recombination in the
p-ZnO NPs layer. The lower direction of peak energy shift is due to the decreased bandgap
energy by the heating effect of the rising temperature and increase of carrier density. In this
case, for the structure of p-ZnO/GZO LEDs, the carrier will concentrate in the p-ZnO NPs
layer with an insulating binder resulting in higher excitation density and redshift. The holes
from the p-ZnO NPs layer can flow to GZO, so the carrier density should be lower than
that of LED with the ZnMgO NPs layer. On the other hand, the structure of p-ZnO/n-
ZnMgO/GZO LEDs contained a ZnMgO NPs layer resulting in temperature raising [83] by
the resistivity of the ZnMgO layer, and the large redshift happened. The temperature of the
LEDs with the structure of p-ZnO/n-ZnMgO/GZO and p-ZnO/GZ0O was calculated using

the varshni model [83]:
E g (T) =E ¢ (T=0) — aT? (T+p) (6)

Where, Eg (T=0) = 3.44 eV for ZnO at 0 K [106],[107] , the temperature coefficients are,
a=-5.5x10*eVK™tand #=-900 K for temperature up to 300 K [86], [87]. The temperature
calculated from the peak energy (3.21 eV) of EL spectra for the LEDs with the structure of
p-Zn0O/n-ZnMgO/GZO was approximately 440 K. On the other hand, the temperature for
the peak energy (3.23 eV) of EL spectra for LEDs with the structure of p-ZnO/GZ0O was

approximately 426 K.
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Figure 32. Comparison of EL spectra for ZnO NPs LEDs with the structure of p-ZnO/n-

ZnMgO/GZO and p-ZnO/GZO.
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Figure 33. The band diagram of ZnO NPs based LEDs at forward bias condition (band
bending is not taken into account) (a) p-ZnO/GZO structure; (b) p- ZnO/n-ZnMgO/GZO

structure.
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5.8 Conclusion:

The bandgap engineering of ZnO NPs confirmed by the compositing with MgO NPs.
The characterization of the composite ZnMgO NPs was revealed by changing the peak
energy of the optical emission. The ZnMgO NPs included in the ZnO-based LEDs as an
energy barrier layer, which created the carrier confinement of the radiative recombination
in the active region of the devices. The leakage current of the LEDs with the structure of
p-ZnO/n-ZnMgO/GZ0O was reduced as well as the EL emission increased compared to the

LEDs with the structure of p-ZnO/GZO0 by confining the carrier recombination.
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6. Summary

To develop the LED based on ZnO, this study provides new knowledge about analysis
and understanding of the role of N-dopants in ZnO NPs. The DC arc plasma gas
evaporation method was applied to synthesize the efficient acceptor N-doped ZnO NPs.
The obtaining p-type and n-type conductivity of ZnO NPs was followed different chamber
pressure and arc current conditions. The local vibrational modes (LVM) of Raman spectra
confirmed the nitrogen concentration in the ZnO NPs crystal. The PL spectra were
conducted to observe the optical emission of these ZnO NPs. The observation of band edge
emission of PL confirmed the dominance of acceptor nitrogen in ZnO NPs crystals. The
donor-acceptor pair emission showed the acceptor concentration in the ZnO NPs crystal,
which had a linear proportion with the 275 cm* peaks of Raman spectra of the ZnO NPs.
The p-type ZnO NPs were used to fabricate LEDs as a p-type layer. The LEDs exhibited
the diode rectifying behavior of |-V characteristics and ultraviolet emission from EL
measurement. The LEDs’ demonstration confirmed that the p-type conductivity of the ZnO

NPs layer acted as a hole injection layer.

N-doped p-type and Ga-doped n-type ZnO NPs used to fabricate the UV homo-junction
LEDs. By concluding the experimental results, including electrical and spectral evaluation,
it can be confirmed that the hole was injected from the p-type layer to the n-type layer. The
LEDs acted as a p-n homo-junction devices. The attempt of p-type and n-type ZnO NPs

based homo-junction UV LEDs is the world’s first demonstration.

It was successfully prepared the ZnMgO composite NPs. The results of the
characterization of ZnMgO NPs were revealed good characteristics. By adding the ZnMgO

composite NPs layer as a barrier layer in the diodes, the LEDs’ leakage current was reduced,

U Interdisciplinary Graduate School of Science and Engineering, Shimane University, Japan.

63



Study of Near UV Light Emitting Diodes Based on Intentionally Doped ZnO Nanoparticles

and the EL emission of the diodes increased by balancing the carrier radiative

recombination.

In general, the presents research work has a significant novelty and practical relevance.
The motivation and methodological details were presented comprehensively and
systematically. This research work offers new practical knowledge and technology relevant.
The results may help for the development of future technologies as well as LED efficiently

and beneficially.
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7. Future tasks

1. It requires the quality and reproducibility of nitrogen doped ZnO NPs by optimizing

some conditions.

2. Gallium-doped ZnO NPs require optimization conditions and improve the

characterization of the Ga-doped ZnO NPs.

3. ZnMgO composite NPs require optimization conditions and improve the characteristic

performance of the ZnMgO NPs.

4. All devices fabrication processes need to optimize some conditions and improve the
device’s performance. Enhancing the emission of the devices can be possible for practical

use in the future.
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