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Abstract: The fabrication of ZnO nanoparticles (NPs) was monitored and studied in situ by controlling
the plasma parameters of the direct current (DC) arc plasma system, such as the current density
and chamber pressure. The optical emission signature of nitrogen was spectroscopically studied
using optical emission spectroscopy (OES) techniques, and it showed a dependency on the nitrogen
concentration in the ZnO nanoparticles in relation to the output of the ZnO NPs-based homojunction
light-emitting diodes (LEDs). The synthesized NPs had a good crystalline quality and hexagonal
wurtzite structure, and they were characterized by X-ray diffraction (XRD) techniques and scanning
electron microscope (SEM). The photoluminescence properties of the ZnO NPs and the optical and
electrical parameters of the LEDs were also analyzed and correlated. The results indicate that the
nitrogen dopants act as acceptors in the ZnO NPs and are favored in low plasma temperatures
during fabrication. We anticipate that the results can provide an effective way to realize reliable
nitrogen-doped p-type ZnO and tremendously encourage the development of low-dimensional ZnO
homojunction LEDs.

Keywords: zinc oxide plasma; optical emission spectroscopy; nitrogen doping; ZnO homojunction
LED; DAP luminescence

1. Introduction

ZnO-based semiconductor nanoparticles have been studied for a long time for their
potential in multifaceted fields, such as optoelectronics (LEDs [1], lasers [2], photodetec-
tors [3]); photocatalysis [4,5]; chemical sensing [6]; piezoelectric devices [7]; biomarkers [8];
storage application [9,10]; and so on. ZnO, which is a wide-bandgap semiconductor
(3.36 eV), has gained popularity in recent years and is sought to replace the current GaN-
based LEDs due to the high exciton binding energy (60 meV) exhibited at room temperature.
The main bottleneck problem for ZnO remains a challenge to the obtainment of high-quality,
stable, and reproducible p-ZnO with high conductivity and mobility [11]. Intrinsically, ZnO
behaves as an n-type semiconductor that arises due to native defects, such as O vacancies,
Zn interstitials, and Zn anti-sites. Thus, many groups have demonstrated ZnO-based
heterojunction LEDs utilizing ZnO as the n layer, which is used in conjunction with other
p-type materials, such as GaN [12], SiC [13], or Si [14], as well as demonstrating the het-
erostructures of ZnO alloys [15,16]; however, we still lack homojunction LEDs with high
stability and repeatability.

Many attempts have been made to achieve p-type conductivity using group I or group
V as dopants [17]. Theoretical studies have shown that nitrogen is a good acceptor mate-
rial [18]. Our group also employed nitrogen-doped ZnO NPs to fabricate homojunction
LEDs [19], and we also successfully demonstrated heterojunction-based LEDs using met-
alorganic vapor-phase epitaxy techniques [20]. In conjunction with the film, low-dimension
ZnO has been successfully inserted as an active material in LEDs [21]. ZnO thin film can
be grown by various techniques, such as radio frequency sputtering [19], metalorganic
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vapor phase epitaxy (MOVPE) [20], molecular beam epitaxy (MBE) [1], and electrochemical
deposition [22]. However, single-crystal substrates and epitaxial growth processes need
stringent fabrication controls and are currently expensive. Meanwhile, the manufacture of
LEDs employing nanoparticles (NPs) is affordable and scalable, and it may be performed
under ambient settings.

Low-dimension ZnO has been utilized in many forms in LED operations, such as
nanoparticles (NPs) and nanowires [23,24]. Low dimensions also possess a large surface-to-
volume ratio, which enables facile incorporation of dopants at a high concentration, making
an effective doping method for ZnO nanostructures. Low-dimension ZnO can be fabricated
in many ways, such as using the sol–gel [25], hydrothermal [26], microwave [27], precipi-
tation [28], radio frequency (RF) thermal plasma [29], and arc discharge methods [30,31],
among others.

Arc discharge methods are easily scalable, and ZnO NPs can be formed by large-area
uniform production. In contrast to the considerable literature on ZnO NPs formed by vari-
ous processes and their characteristics, it appears that little work has been conducted on
elucidating the arc discharge process while characterizing the ablation plume from which
such NPs are created. Mechanisms that involve the doping process and the expansion
of plasma plumes are still not well-explored using optical emission spectroscopy (OES)
techniques. Previous works regarding OES do not compare the plasma properties with
the nitrogen incorporation in the ZnO, and the use of ambient air or dry air may lead to
some ambiguity due to the presence of unwanted gas [32,33]. Herein, we spectroscopically
evaluated the fabrication of nitrogen-doped p-type ZnO nanoparticles using arc discharge
equipment by varying the current density and pressure conditions. The efficient doping
conditions were investigated using OES methods by using a mixture of pure gas (nitro-
gen + oxygen), and they were validated by fabricating LEDs using the p-type ZnO NPs. Our
study not only advances the synthesis of nitrogen-doped p-type ZnO nanocrystal materials
but also provides an innovative design to construct low-dimensional ZnO homojunction
optoelectronic devices such as LEDs with pure UV light.

2. Materials and Methods

Nitrogen-doped p-type ZnO nanoparticles were prepared by the arc discharge appara-
tus (ULVAC Inc., Model No-GE-970, Chigasaki, Kanagawa, Japan), as shown in Figure 1.
The details regarding the discharge process are briefly discussed [32]. Firstly, 4N zinc
rods were cut into small pieces and were heated in a ceramic crucible at 600 ◦C to form
zinc ingots. The zinc ingot acted as an anode and the carbon rod acted as a cathode. The
distance between the cathode and anode was maintained at close to 1 mm, and the DC
was supplied to oxidize zinc to zinc oxide within a mixture of pure oxygen and nitrogen
gas. The chamber pressure was regulated by a controlling valve connected to a vacuum
pump. A constant gas (pure mixed gas of N2 (80%) and O2 (20%)) flow (5 L/min) was
supplied in the chamber, and the chamber pressure was varied from 150 Torr to 610 Torr.
The mixed gas was inserted in the chamber, and after achieving the desired pressure and
current density, the arc was initiated, which resulted in the formation of zinc plasma, along
with gas plasma, which was later oxidized into ZnO by the vapor condensation method.
To record the optical emission spectra from the arc plasma, the Ocean Optics QE65000
scientific-grade spectrometer (Dunedin, FL, USA) with a wavelength range of 200–1000 nm
and an optical resolution of 0.14 nm full width at half maximum (FWHM) was used. The
distance between the optical fiber and quartz window was maintained at constant. The
output data were collected without averaging with an integration time of 1 s. The spectra
were further calibrated using a tungsten halogen standard light source (LS-1-CAL, Dunedin,
FL, USA).
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Figure 1. Schematic diagram of arc discharge apparatus.

For the formation of a ZnO NPs-based LED, firstly, GZO, a gallium-doped ZnO
layer, was sputtered over a white glass substrate for the n-type layer using RF magnetron
sputtering (Canon Anelva Corporation, Kanagawa, Japan, Model-400S) at 300 ◦C (5% Ga-
doped ZnO target) (the thickness of the resultant film was around 600 µm, and the resistivity
was around 3.6 × 10−4 Ω cm). A schematic diagram of the LED is shown in Figure 2.

Figure 2. Schematic diagram of ZnO NP-based LED.

For the p-ZnO NP layer, the dispersion was prepared by mixing N-doped ZnO NPs
(0.05 g) prepared by the DC arc discharge method, isopropyl alcohol (IPA) (0.3 mL), and
binder (0.1 g) (Silsesquioxane OX-SQ SI 20; Toagosei Co., Ltd., Minato-ku, Tokyo, Japan).
The layer was applied using the spin-coating process and dual-step rotation methods,
first with a slow speed of 1000 rpm for 5 s, and then increasing the speed to 4000 rpm for
10 s. The N-doped ZnO-NP-coated layer was annealed by a ceramic hotplate at around
300 ◦C. The thickness of the spin-coated layer was approximately 3 µm, as described in
our previous works [34]. For the contacts, gold (Au) electrodes with a 30 nm thickness
were thermally deposited on both the p-type layer and GZO film (n-type layer) using the
thermal evaporation method.

The size and shape of the NPs were observed using a field-emission scanning electron
microscope (FESEM) (JSM-7001FA, 5 KV, JEOL, Akishima, Tokyo, Japan). To investigate
the average particle size of the synthesized p-ZnO NPs, dynamic light scattering (DLS) was
carried out. The synthesized NP powder samples were characterized for their structure
using the X-ray of a diffractometer (Rigaku Smart Lab) with Cukα radiation. The intensity
data were collected over a 2θ range of 20–80◦.
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A Horiba FluoroMax-4 spectrofluorometer with an excitation wavelength of 325 nm
from a Xe lamp was used to observe the photoluminescence (PL) spectra of the ZnO NPs.
The nitrogen concentration in the ZnO NPs was measured by a thermal conductivity
detector (EMGA-830 O/N analyzer, Horiba, Minami-ku, Kyoko, Japan). The current–
voltage measurements of the light-emitting diodes were performed using a parameter
analyzer (Keysight Technologies B2900A series of High-Resolution SMU module, Hachioji,
Tokyo, Japan). We evaluated the electroluminescence (EL) spectra of the LEDs from the
top side of the p-contact electrode at room temperature using the Ocean Optics QE65000
fiber multichannel monochrome meter. The output EL power of the LEDs was obtained by
placing Si-based photodiodes (S2281, Hamamatsu Photonics, Higashi-ku, Hamamatsu city,
Japan) under the LEDs.

3. Results and Discussion

Zinc oxide NPs were deposited on the surface of the inner wall of the chamber, as
shown in Figure 3, (a) before and (b) after the arc discharge. G.P. Zhu et al. discuss the
mechanism for the formation of ZnO nanorods in the arc discharge, vapor–solid (VS), and
vapor–liquid–solid (VLS) processes [30]. Our system follows a similar vapor–solid method,
in which Zn metals were vaporized to zinc plasma due to the high temperatures during
the arc discharge, and were later oxidized into ZnO nuclei, which were then condensed in
the cooler end of the chamber (periphery) and formed nanorods/particles by absorbing
gaseous plasma. Faster quenching in the arc discharge process leads to smaller-sized
nanoparticles. The average hydrodynamic diameter of the ZnO NPs from the DLS results
was around 200 nm. The size determined by the DLS method is always greater than the
size determined by SEM due to the particle aggregation in the dispersion medium [35], as
shown in Figure 3c. Different morphologies, such as tripods, and tetrapods, were observed
in the SEM image, in addition to nanorods and nanoparticles.

Figure 3. Chamber (a) before and (b) after arc discharge. (c) SEM of ZnO NPs (inset shows DLS spectra).
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The generated ZnO NPs were structurally characterized by XRD. Figure 4 shows
the XRD pattern of the synthesized p-type ZnO NPs. No impurity peaks are observed,
which indicates the high crystallization quality of the ZnO nanoparticles synthesized by
the DC arc discharge method. The average crystallite size of the samples was estimated
with the help of the Scherrer equation using diffraction intensities of (100), (002), and (101)
planes. X-ray diffraction studies confirm that the synthesized materials are ZnO with the
wurtzite phase, with the (101) plane as the favored plane. All the diffraction peaks agree
with the reported Joint Committee on Powder Diffraction Standards (JCPDS), card number
36-1451 [34]. The average crystallite size of the NPs (tDs) that correspond to the most intense
diffraction peaks at 2θ = 36.09◦, as calculated by Debye–Scherrer’s equation and shown in
Equation (1), is found to be 55.6 nm.

tDs =
0.9λ

β cos θ
(1)

where λ is the wavelength of the radiation, and β is the full width at half maximum
(FWHM) of the diffraction peaks. The lattice constants are estimated by the hexagonal
lattice parameters, where dhkl is the interplanar spacing of the (hkl) planes, determined from
Bragg’s law: 2dhklsinθ = nλ. The lattice constants are calculated by the lattice parameters
of the hexagonal close-packing (hcp) orientation for ZnO using the relation, as shown in
Equation (2), in which a and c are found to be 3.258 Å and 5.221 Å, respectively. Further
inspection of the XRD spectra shows that the position of the ZnO (002) peak shifts are likely
due to the effects of the dopants, which prevent the complete relaxation of the stress [36].

1
d2 =

4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (2)

Figure 4. XRD pattern of p-type ZnO NPs.
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The unit cell volume (Vc =
√

3/2 a2 c) is 47.99 (Å)3, and the atomic packing factor
(APF) (APF = 2πa/(3

√
3 c)) is calculated to be 0.754. The APF of bulk hexagonal ZnO

materials is about 74% but in our case, the APF of ZnO NPs is close to 75% in a hexagonal
structure. Other parameters are shown in Table 1.

Table 1. XRD parameters of p-type ZnO NPs.

Parameters (100) (002) (101)

2θ (degree) 31.61 34.26 36.09
FWHM (degree) 0.157 0.139 0.156

dhkl (Å) 2.827 2.614 2.486
Crystallite size (nm) 54.9 62.4 55.6

a (Å) 3.258
c (Å) 5.221
c/a 1.60

Unit cell vol (Å)3 47.99
APF 0.754

The plasma properties were recorded by the OES setup, and the OES spectra were
recorded during synthesis between 200 and 1000 nm (Figure 5). Both neutral as well as
singly ionized zinc lines are present in this region, along with nitrogen and oxygen radicals.
The zinc spectral line at 328.2 nm corresponds to the 4s4d 3D1 → 4s4p 3P1 transition, the
line at 468.0 nm corresponds to the 4s5s 3S1 → 4s4p 3P0 transition, and the line at 472.2 nm
corresponds to the 4s5s 3S1 → 4s4p 3P1 transition. The strong resonance zinc line observed
at 481.1 nm corresponds to the 4s5s 3S1 → 4s4p 3P2 transition. The assignment of these
spectral lines was performed by referring to the NBS (NIST) database [37].

The high energy associated with the discharge dissociates gases in the form of plasma.
The dissociation reaction of the mixture of gas plasma is explained by the following
steps [38]:

O2 + e→ 2O* + e, (3)

N2 + O*→ NO + N*, (4)

NO + e→ N* + O* + e, (5)

The electron temperature was evaluated using the ratio of the relative intensity ratio of
Zn(I) (481.05 and 636.2 nm in the OES) by the following relation, as shown in Equation (6):

I1

I2
=

g1 A1λ2 e−E1/kTe

g2 A2λ1 e−E2/kTe
(6)

In this equation, subscripts 1 and 2 refer to the two spectral lines of the same ele-
ment. The spectroscopic constants Ii, λi, gi, Ai, and Ei (i = 1, 2) represent the line intensity,
wavelength, statistical weight, transition probability, and energy of the excited state, re-
spectively. Te and k are the electron temperature and Boltzmann constant, respectively.
These relevant spectroscopic constants are tabulated in Table 2 for the two emission lines of
Zn(I), 4s5s 3S1 → 4s4p 3P2 at 481.05 nm and 4s 4d 1D2 → 4s4p 1P1 at 636.2 nm, and they
were used to determine the electron temperature under the condition of local thermody-
namic equilibrium (LTE). The atomic oxygen (O(I)) transition is at 777.1 nm, while N atom
emissions at 745, 821, and 869 nm are observed from the OES [38]. Other possible optical
transitions identified while fabricating ZnO NPs from DC arc plasma are referred to in
previous reports [32].
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Figure 5. OES spectra during synthesis.

Table 2. Spectroscopic parameters of the neutral zinc (Zn I) lines.

Wavelength
λ (nm) Transitions Statistical

Weight g
Transition

Probability A (s−1)
Excitation Energy

E (cm−1)

481.05 4s5s 3S1 → 4s4p 3P2 3 7.00 × 107 53,672.24
636.23 4s4d 1D2 → 4s4p 1P1 5 4.65 × 107 62,458.51

We investigated the relationship between the plasma temperature and nitrogen content
of the NPs, as shown in Figure 6. The plasma temperature is high during the initial phase
of discharge and later saturates to a low value. Thermal energy is quickly changed into
kinetic energy when plasma expands, which causes the temperature to drop. This rapid
conversion of thermal energy into kinetic energy may account for the fall in its value [39].

Different conditions of nitrogen-doped ZnO NPs were fabricated at arc currents
between 20 A and 50 A. The chamber pressure was maintained at 150 Torr/610 Torr with a
constant gas flow rate of 5 L/min. In comparison with other fabrication methods, the ZnO
NPs fabricated at 150 Torr and 50 A shows the lowest plasma temperature among all the
conditions, as shown in Figure 6. The rapid expansion of plasma at a higher current density
is thermalized due to the energy transfer to its surroundings. The intensity of the atomic N
at the 869 nm line increases from 150 Torr (from 20 A to 50 A), as shown in Figure 5, to a
maximum at 150 Torr and 50 A, which agrees with the nitrogen concentration measured
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from the inert gas method. High nitrogen content was observed in the previous report with
150 Torr and 30 A when the dry air was injected rather than pure mixture of oxygen and
nitrogen gas [33]. High-chamber-pressure conditions (610 Torr) and a high current density
(60 A) lead to a lower nitrogen content in ZnO NPs, and, therefore, to a reduction in the
acceptor properties in the corresponding ZnO, which leads to lower electroluminescence
emissions (not shown here).

Figure 6. Plasma temperature and N concentration.

Donor–acceptor pair (DAP) luminescence is a direct way to investigate the role of
acceptors in ZnO. The presence of DAP recombination in the deconvolution of the photolu-
minescence (PL) spectra at the near-band-edge (NBE) emissions of the ZnO NP crystals
suggests the presence of nitrogen acceptors [40]. The exciton (3.26 eV concerning phonon
replica) and DAP emissions of the deconvoluted NBE emissions are shown in Figure 7 [41].
The increase in the DAP intensity with the increase in the nitrogen concentration also shows
the incorporation of nitrogen, which reinforces the claim that nitrogen acts as an acceptor,
as described by Shafiqul et al. [33]. Here, the maximum DAP intensity is observed with the
ZnO NPs fabricated at a chamber pressure of 150 Torr and a current of 50 A, which also
have the maximum incorporated nitrogen. Note that the nitrogen concentration in ZnO
NPs, measured by the thermal conductivity method, contains surface-absorbed species of
nitrogen molecules.
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Figure 7. Deconvoluted PL emissions of near-band-edge emission regions.

For further verification, we fabricated LEDs using nitrogen-doped p-type ZnO NPs.
Figure 8a shows the I–V results of the fabricated LEDs. The I–V characteristics reveal a
diode-like rectification character with a low threshold voltage of 4.0 V at room temperature.
Au contact with the p-type ZnO and n-type ZnO layer shows good ohmic behavior, as
shown in previous works [42]. There is significant leakage current under all the fabricated
conditions, which is mainly due to the binder parameters; however, it significantly improves
during the fabrication with ZnO NPs obtained under higher current conditions. Figure 8b
shows the corresponding EL spectra of the LEDs at a forward bias voltage of 8 V. The EL
spectra show only near-band-edge UV emissions. The deep-level emissions are saturated
by the higher current injection and are, thus, not observed in the EL spectra. Narrow
EL spectra with a line width of 23 nm are observed peaking at 383 nm, which indicates
the radiative annihilation of excitons [43]. The mechanism for the EL in the ZnO p–n
junction should be discussed. Generally, the mobility of electrons is much larger than that
of the holes in ZnO, and most of the electrons from the n-ZnO layer are injected into the
p-ZnO layer, while only a few holes of the p-ZnO layer can enter into the n-ZnO layer [44];
however, in our case, the mobility of the holes is larger than that of the electrons because
of the influence of the boundary layer [42], which may result in the movement of holes
towards the n-layer, but does not contribute to the luminescence due to the high carrier
concentration of n-layer. Thus, the emissions are dominant in the p-region. Figure 8c
depicts the output power of the LEDs. The power of the LEDs was observed using Si-based
photodiodes, which were placed on the bottom sides of the LEDs. LEDs fabricated with
a chamber pressure of 150 Torr and under 50 A conditions have the maximum output
power when compared with the other fabrication conditions, which validates the effect
of nitrogen as an acceptor. Si-based photodiodes cannot receive all of the light from the
device, and only a portion of the power is detected, which results in this comparatively
low output power. The total EL power is roughly estimated to be about 12 times larger
than the measured value [34]. To further study the relationship with the variable nitrogen
concentration, the ratio of the DAP/exciton emissions observed from the PL results was
compared with the EL results of the LED, as shown in Figure 9. In the figure, a linear
relationship can be observed for both the EL intensity and DAP/exciton emissions. Shafiqul
et al. also reported a similar relationship, even under different plasma conditions, which
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buttresses the role of nitrogen as an acceptor [33]. Thus, the DAP luminescence is directly
affected by the presence of nitrogen in ZnO NPs and the device’s performance.

Figure 8. (a) I–V characteristics, (b) EL spectra, and (c) output power of p-ZnO/GZO LEDs fabricated
using ZnO NPs prepared at chamber pressure of 150 Torr and with arc currents ranging from 20 to
50 A.

Figure 9. Ratio of DAP/exciton emissions and EL intensities with variable nitrogen concentration.

4. Conclusions

DC arc plasma gas evaporation was used to successfully fabricate nitrogen-doped ZnO
nanoparticles and spectroscopically evaluate the generation process. The incorporation of
the nitrogen dopants is favorable at the low plasma temperature, and they act as acceptors in
the ZnO NPs, which is further validated by the fabrication of nanoparticle-based LEDs. The
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constructed homojunction LEDs exhibit diode-like characteristics, emitting UV emission
peaking at 383 nm with a line width of about 23 nm. Overall, the experimental results
indicate that nitrogen dopant most likely operates as an acceptor for ZnO NPs, and this is
optimised spectroscopically.
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