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Abstract

In order to understand the effects of nitrogen ionization during preparation and oxygen pressure during annealing (OPA)
on the morphology, structure, and luminescent properties of Mg-doped ZnO thin films, Zn, o;Mg, ;O films were prepared
in both ionized and non-ionized N, using Pulsed Laser Deposition (PLD), followed by annealing at 600 °C under vari-
ous oxygen pressures. X-ray Diffraction (XRD) results reveal that all Zn, ;Mg ,;O films exhibit a preferentially oriented
hexagonal wurtzite structure along the (002) direction, with the films prepared in ionized nitrogen showing the presence
of Zn;N, phase. Field Emission Scanning Electron Microscopy (FESEM) observations indicate that the films prepared in
non-ionized and ionized N, exhibit near-spherical and conical shaped particles, respectively. Combined XRD and X-ray
Photoelectron Spectroscopy (XPS) analyses indicate an increase in Zn interstitial (Zn;) content in the films after anneal-
ing, with higher content observed at a higher OPA; films annealed under oxygen pressure of 100 Pa exhibit maximum
tensile stress and highest N content. Photoluminescence (PL) spectra of both ionized and non-ionized films reveal a strong
ultraviolet-violet peak (360—450 nm) and weaker blue-green peak (450—550 nm), with a broad and weak near-infrared
(NIR) peak around 825 nm. The NIR peak primarily originates from the recombination of electrons bound to Zn; and
holes bound to oxygen vacancies (Vo) ; ionization of nitrogen enhances the green emission.

Keywords ZnO thin films - Mg doping - Oxygen pressure during annealing - Nitrogen ionization - Morphology -
Luminescent properties

1 Introduction of ZnO semiconductors in optoelectronics, extensive
research has focused on doping with Group I-V elements
to tailor the types and concentrations of intrinsic defects,
modulate the bandgap width, and form p-type ZnO films,
thereby improving their electrical and optical properties
[6, 71.

Jindal et al. [8] prepared different N-doped ceramic

ZnO is a direct wide-bandgap semiconductor mate-
rial with a significant exciton binding energy, holding
promising applications in thin-film transistors [1], solar
cells [2], photocatalysis [3], and other fields. Current
research and development efforts are focused on nano-

structured forms and eco-friendly fabrication methods
of ZnO [4, 5]. However, its intrinsic defects, such as Zn
interstitials (Zn;) and oxygen vacancies (V), exhibit
self-compensation effects, resulting in its natural n-type
semiconductor behavior. To enable the application
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targets by mixing pure ZnO with Zn;N,, introducing N
into the ZnO lattice via Pulsed Laser Deposition (PLD)
in an oxygen environment. Due to nitrogen’s lower elec-
tronegativity compared to oxygen, N occupies O sites,
forming Zn-N bonds with Zn, which exhibit lower ion-
ization energy than Zn-O bonds, introducing new accep-
tor levels above the valence band edge, resulting in a
reduced optical bandgap of ZnO: N films. Martin-Tovar
et al. [9] mixed pure ZnO powder with a superglue pri-
marily containing ethyl cyanoacrylate (ECA) to form
targets, and introduced N into the ZnO thin film lattice
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Fig. 1 XRD spectra of the
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using a Nd: YAG laser, passivating Vo while inducing
outward relaxation, leading to lattice contraction. Wang
et al. [10] used pure ZnO targets and Ar-N, mixed gas
as the working gas, deposited Zn;N, films on substrates
at 150 °C via DC magnetron sputtering, and annealed
them in air or O, at 350-550 °C to transform them into
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20/(°)

transparent ZnO films. It was found that p-type ZnO films
could be obtained when annealed in air or O, at tempera-
tures below 500 °C. However, the films reverted to n-type
when annealed above 500 °C due to reduced N incorpora-
tion. Chang et al. [11] prepared ZnO films on glass sub-
strates via magnetron sputtering and used a DC plasma
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Table 1 Lattice Parameters of ionized and non-ionized samples

Sample no. Diffraction angle 20/ (°) Interplanar spacing d / A Lattice parameters / A Stress / GPa
(100) (002) (100) (002) c c
B 31.00 34.41 2.885 2.607 5.214 -0.31
B100 31.05 34.47 2.880 2.602 5.204 0.13
B500 31.04 34.45 2.881 2.603 5.207 0.01
BL 30.83 34.23 2.901 2.620 5.240 -1.48
BL100 31.08 34.49 2.878 2.601 5.202 0.22
BL500 31.03 34.45 2.882 2.604 5.207 -0.03

system to enhance N dissociation. The N,/(Ar+N,) flow
ratio varied from 0 to 0.7 during the deposition process
to investigate its effect on the properties of the ZnO films.
Simeonov et al. [12] deposited N-doped ZnO films in an
N-containing atmosphere, followed by rapid annealing
in N, at 400 °C and 550 °C. The results indicated that
annealing at 400 °C resulted in n-type conductivity, while
annealing at 550 °C resulted in p-type conductivity. In
previous literature, experimental studies on incorporating
N into ZnO via PLD using ionized N, are lacking in the
literature.

During the process of thin film fabrication, oxygen
plays a crucial role in determining the structural mor-
phology and properties of ZnO films. Currently, many
researchers have investigated the influence of oxygen
pressure on the morphology, structure, and performance
of thin films during the fabrication process. Min et al.
[13] investigated the effect of oxygen partial pressure on
the Fermi level of ZnO, _, films, finding that reducing the
oxygen pressure from 10 to 3.3 Pa upshifted the Fermi
level of ZnO films by 0.6 eV. This indicates significant
changes in the energy balance and electronic structure of
oxygen-deficient ZnO films. Pandey et al. [14] deposited

ZnO films using a dual ion beam sputtering deposition
system under different oxygen partial pressures at a con-
stant temperature of 400 °C. With increasing oxygen par-
tial pressure, the crystallinity of the films decreased, and
the Vo decreased. Ma et al. [15] investigated the effects
of different oxygen pressures on the morphology, struc-
ture, and properties of ZnO: Ti films using RF magnetron
sputtering, observing that increasing oxygen pressure
enhanced the (002) diffraction peak intensity of the films
while gradually reducing the optical bandgap. Some
researchers have also studied the effects of annealing in
oxygen atmosphere on ZnO films. Kumar et al. [16] stud-
ied the influence of annealing in O, at 700 °C for different
times on the structural and morphological properties of
ZnO films, finding that with increasing annealing time,
the film roughness and grain size increased. Hsu et al.
[17] investigated the effects of oxygen annealing on the
structure and optoelectronic properties of Al-doped ZnO
films, discovering that oxygen annealing could eliminate
Vo and improve the crystal structure. Additionally, they
also studied the effect of air annealing on the properties
of Al-doped ZnO thin films prepared by the high-speed
atmospheric atomic layer deposition (AALD) method and

Fig. 2 Variation of stress within the samples
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Fig.3 SEM images of the non-
ionized samples (a, B; b, B100;
¢, B500) and ionized samples (d,
BL; e, BL100; f, BL500)

found that annealing temperatures below 600 °C mainly
reduce the Vo acting as donors, while higher anneal-
ing temperatures above 600 °C could further reduce the
mid-gap states [18]. In previous studies, there have been

Table 2 Peak parameters of Zn 2P 1/2, Zn 2P 3/2 and Mg 1s (eV)

Sample Zn2p 1/2 Zn 2p 3/2 Mg Is

B 1044.46 1021.39 1303.54
B100 1044.69 1021.51 1303.72
B500 1044.57 1021.45 1303.98
BL 1044.40 1021.28 1303.63
BL100 1044.57 1021.45 1304.02
BL500 1044.63 1021.51 1304.03

@ Springer

no reports on the influence of oxygen pressure during
annealing (OPA) on the structure and properties of thin
films. Researchers have only reported the effects of oxy-
gen pressure or flow rate during the film deposition pro-
cess on the structure and properties of the films [19, 20].
The change of OPA has not only the change of oxygen
flow but also the change of pressure, which will affect the
change of stress and defects after film deposition and also
the doping of N. Therefore, it is necessary to investigate
the effect of changing OPA on the films.

In this study, homemade Mg-doped ZnO targets were
used to prepare Zn, o;Mg (3O thin films via PLD in an
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Fig.4 XPS survey spectrum (a), Zn 2P (b, non-ionized; ¢, ionized), Mg 1s (d, non-ionized; e, ionized), and N1s (f, non-ionized; g, ionized) spectra

ionized N,, followed by thermal annealing under different

oxygen pressures. The effects of ionized nitrogen and OPA  thin films were investigated.

on the structure and optical properties of Zn, ¢;Mg 130
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Fig.5 Lorentz-Gaussian fitting spectra of non-ionized sample Zn LMM (a, B; b, B100; ¢, B500) and O 1s (d, B; e, B100; f, B500)

2 Experimental materials and methods
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2.1 Target and film preparation
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Fig.6 Lorentz-Gaussian fitting spectra of ionized samples Zn LMM (a, BL; b, BL100; ¢, BL500) and O 1s (d, BL; e, BL100; f, BL500)

The experiment was conducted in December 2023 at
the PLD laboratory of the department of applied phys-
ics, school of science, Wuhan University of Science and
Technology, China. High pure ZnO and MgO powders

with a purity of 99.99% were uniformly mixed, with
a Mg doping concentration of 3 at%. The mixture was
ground at 150 rpm for 120 min using an LGB04 ball mill
to obtain homogeneity. The mixed powders were then
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Fig. 7 Transmission spectra of the samples (a, non-ionized; b, ionized) and Eg plotting method (¢, non-ionized; d, ionized)

pressed into targets of 25 mm in diameter at room tem-
perature using a YAW-1000D hydraulic press. The targets
were sintered in an SX3-0-13 air resistance furnace fol-
lowing the sequence: 60 min ramping from room tem-
perature to 200 °C, holding for 30 min; 90 min ramping
to 600 °C, holding for 60 min; 50 min ramping to 850 °C,
holding for 60 min; 100 min ramping to 950 °C, hold-
ing for 60 min; 60 min ramping to 1250 °C, holding for
300 min, and furnace cooling to room temperature.

Thin films were deposited using a PLD-450B system.
Substrates of quartz glass were cleaned using an ultra-
sonic cleaner with distilled water, acetone, and alcohol
solutions for 15 min each. After the cleaned substrates
were dried, they were placed into the PLD chamber with
a target-substrate distance of 95 mm. The chamber was
evacuated to 10™% Pa and then filled with N,, adjusting
the flow rate to maintain a nitrogen pressure of around
0.9 Pa, with a substrate temperature of 500 °C. A 248 nm
KrF excimer laser with a frequency of 5 Hz and a single

@ Springer

pulse energy of 300 mJ was used for deposition, with a
pre-sputtering time of 10 min followed by deposition for
60 min. Deposition of the thin films was carried out under
both ionized and non-ionized N,, with ionized N, voltage
ranging from 0.25 to 0.27 kV and current from 0.28 to
0.35 mA.

The Zn, ¢;Mg (3O thin films deposited by PLD were
annealed under oxygen pressures of 100 Pa and 500 Pa
using a quartz tube resistance furnace. The annealing
process went as follows: ramping from room tempera-
ture to 600 °C for 192 min, holding for 120 min, and
then furnace cooling to room temperature. The samples
deposited under non-ionized N, and annealed under oxy-
gen pressures of 100 Pa and 500 Pa were labeled as B,
B100, and B500, respectively. The samples deposited
under ionized N, and annealed under oxygen pressures
of 100 Pa and 500 Pa were labeled as BL, BL100, and
BL500, respectively.
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Fig. 8 PL Spectra: (a) emission spectra of ionized and non-ionized
samples in the range of 200-900 nm; (b) emission spectra of non-ion-
ized samples in the range of 360—575 nm; (c¢) emission spectra of ion-

2.2 Characterization methods

The structural characterization of the prepared samples
was conducted using a Rigaku SmartLab SE X-ray dif-
fractometer (XRD) with Cu Ka radiation. The scanning
angle (20) ranged from 25 to 60°, with a scanning speed
of 0.75°/min, a tube voltage of 40 kV, and a tube current
of 40 mA. The surface morphology of the samples was
observed using a FEI Nova Nano SEM400 field emis-
sion scanning electron microscope (FESEM). The thick-
ness of the samples was measured using a spectroscopic
ellipsometer (RC2, J. A. Woollam). The transmission
spectra of the samples were measured using a UV-2550
UV-visible spectrophotometer (SHIMADZU). Chemical
composition, chemical states, and molecular structures
of the samples were analyzed using X-ray photoelectron
spectroscopy (XPS) with an AXIS SUPRA + instrument.
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ized samples in the range of 360-575 nm; (d) NIR spectra of ionized
and non-ionized samples

XPS data were processed using Avantage software, and
peak fitting spectra were obtained using the Smart back-
ground and Lorentz-Gaussian fitting methods, with all
data calibrated to the C 1s peak at 284.8 eV. The fluo-
rescence spectra of the samples were measured using a
Hitachi F-7000 fluorescence spectrophotometer with an
excitation wavelength of 325 nm, emission wavelength
range of 200-900 nm, scanning speed of 240 nm/min,
excitation (emission) slit width of 2.5 (5.0) nm, and PMT
voltage of 700 V.
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Table 3 Peak positions and area ratios of fitted peaks for non-ionized and ionized samples Zn LMM and O 1s
Sample B B100 B500 B B100 B500
Peak position(eV) Area ratio (%)
Zn LMM(a)-Zn; 494.67 494 .88 494.93 29.64 31.94 33.36
Zn LMM(b)-Zn>* 497.93 498.02 498.02 70.36 68.06 66.64
O(a)- 0% 52991 530.03 529.9 37.55 40.50 27.56
O(b)- Vo 530.5 530.88 530.4 23.24 35.48 35.89
0O(c)-0; 531.83 532.07 531.87 39.20 24.02 36.55
Sample BL BL100 BL500 BL BL100
Peak position(eV) Area ratio (%)
Zn LMM(a)-Zn 494.6 494.75 494.68 28.96 30.79 45.04
Zn LMM(b)-Zn>* 497.79 497.95 498.09 71.04 69.21 54.96
O(a)- 0* 529.77 529.98 529.94 43.94 48.92 44.24
O(b)- Vo 530.19 530.96 531.26 35.47 26.91 28.57
0O(c)-0; 531.86 532.17 532.16 20.60 24.17 27.19

3 Results and discussion
3.1 Structure and morphology
3.1.1 XRD

The XRD pattern of the non-ionized sample is shown
in Fig. 1(a). The diffraction peaks coincide with ZnO
(JCPDS NO.36-1451), indicating the hexagonal wurtz-
ite structure of ZnO with preferential growth along the
c-axis (002) direction. No diffraction peaks correspond-
ing to other substances were detected, confirming the
sample’s structure as hexagonal wurtzite ZnO.

The 26 angles of (002) for B, B100, and B500 are 34.40°,
34.47°, and 34.45°, respectively, while those of (100) are
31.00°, 31.05°, and 31.04°, respectively. With increasing
OPA, the 260 angles of both (100) and (002) peaks show a
trend of initially increasing and then decreasing. The inter-
planar spacing (d) and lattice constant (c) calculated accord-
ing to the formulas (1) to (3) for the hexagonal close-packed
(HCP) lattice are listed in Table 1. HCP lattice constant cal-
culation formulas [21, 22]:

1.2 4 /WK% rhk) 1P

<d) *3 ( ag ) +02 (1)
2

a — \/3(1100 )

C 72(1002 (3)

Figure 1 (b) illustrates the XRD spectrum of the ionized
sample. Apart from the (002) and (100) diffraction peaks
corresponding to ZnO, a weaker diffraction peak at 20
approximately 31.74° corresponding to the (222) plane of
Zn;N, (JCPDS NO.04-004-2196) is observed in both pre-
annealed and post-annealed ionized samples. Zn;N, is

@ Springer

formed during the film deposition process when ionized N,
produces N ions that combine with Zn ions in ZnO. The
parameters of the ZnO diffraction peaks for the ionized
sample are also listed in Table 1, showing similar variation
trends in the 20 angles of the ZnO (002) and (100) diffrac-
tion peaks as observed in the non-ionized sample. From
Table 1, it can be observed that the lattice constants (c) of
both non-ionized and ionized samples exhibit a trend of ini-
tially decreasing and then increasing with increasing OPA.
Lattice constants are influenced by Mg doping concentra-
tion, internal defects, and stress within the film [23]. Li et
al. [24] proposed that the reduction in ZnO lattice constants
and the shift of the (002) diffraction peak towards higher
angles during annealing are caused by the release of resid-
ual stress. Shin et al. [25] suggested that the decrease in the
c-axis lattice parameter after oxygen annealing is attributed
to the occurrence of oversaturation of adsorbed atoms dur-
ing the sputtering process, leading to competition between
nucleation and aggregation, resulting in tensile strain along
the a-axis direction in the ZnO film. There are mainly two
types of film stress [16]: intrinsic stress caused by impurities
and defects within the crystal, and extrinsic stress caused by
lattice mismatch, growth conditions, and mismatch in ther-
mal expansion coefficients between the film and substrate.
The stress within the film can be calculated using the biaxial
strain model (Eq. 4) [16, 26]:

o= 20123 — ng(CH + 012) ' c—Cy (4)

2Ch3 Co
The elastic constants C;;, C;,, C;3, and C;5 for single
crystal ZnO have numerical values of 208.8, 119.7,
104.2, and 213.8 GPa, respectively [26]. ¢, (5.20661 A)
represents the lattice constant of stress-free ZnO powder.
The lattice constants of the samples, denoted as ¢, were
calculated and are presented in Table 1. The calculated
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film stresses from Table 1 are plotted in Fig. 2, illustrat-
ing the variation trends of stress within the samples.

The non-ionized sample B experiences compressive
stress (-0.31 GPa). After annealing in O,, both B100 and
B500 experience tensile stress (0.13 GPa and 0.01 GPa,
respectively), which decreases with increasing OPA.
Similarly, the ionized sample BL also experiences com-
pressive stress (-1.48 GPa). After annealing in O,, BL100
experiences tensile stress (0.22 GPa), while BL500 expe-
riences a smaller compressive stress (-0.03 GPa). From
Fig. 2, it is evident that both non-ionized and ionized
samples exhibit a trend of increasing stress followed
by decreasing stress. Conversely, lattice constants show
a trend of decreasing followed by increasing, indicat-
ing that lattice constants decrease with increasing stress
(positive values denote tensile stress, while negative val-
ues denote compressive stress) within the film.

3.1.2 SEM

Figure 3 (a) to (¢) depict the surface morphology images
of the non-ionized sample. The sample B exhibits a few
white protruding particles. After annealing in O,, the
white protruding particles in B100 become noticeably
larger and more abundant, likely due to the secondary
preferred orientation of the (002) crystal planes during
annealing in O, [27]. The particles in the B500 sample
appear dispersed, possibly due to the reduction in ten-
sile stress during annealing at an oxygen pressure of
500 Pa. Figure 3 (d) to (e) display the surface morphol-
ogy images of the ionized sample. Compared to the non-
ionized sample, the ionized sample exhibits a transition
from approximately circular particles to conical particles.
This transformation may be attributed to the presence of
Zn;N, in the ionized sample, which weakens the contact
aggregation of the ZnO within the film.

3.1.3 XPS

Figure 4 (a) presents the XPS survey spectra confirming
that the main components of both ionized and non-ionized
samples are Zn, O, and Mg, with trace amounts of N and
C. The presence of C is attributed to slight surface con-
tamination in the experiment. Figure 4 (b) to (g) display
the Zn 2P, Mg 1s, and N 1s spectra of the non-ionized and
ionized samples. In the non-ionized sample B, two strong
peaks appear at 1021.39 eV and 1044.46 eV, correspond-
ing to the Zn 2p 3/2 and Zn 2p 1/2 peaks, respectively,
with a binding energy (BE) gap of 23.07 eV. The ionized
sample BL exhibits peaks at 1021.28 eV and 1044.40 eV
for the Zn 2p 3/2 and Zn 2p 1/2 peaks, respectively, with
a BE gap of 23.12 eV. These BE gaps closely resemble

those of pure ZnO (23.10 eV) [28], indicating that Zn
in the films prepared with both non-ionized and ion-
ized N, primarily exists in the form of Zn-O bonds. As
evident from the peak position parameters of Zn 2P in
Table 2, both B and BL show a shift towards higher BE
for Zn 2p and Mg 1s after annealing in oxygen. Wang et
al. [29] suggest that Mg, with a lower electronegativity
than Zn, is more prone to losing electrons and forming
Mg-O bonds with O. The shift towards higher BE of Zn
2p 3/2 and Zn 2p 1/2 after annealing is attributed to the
increased opportunity for more O to enter the lattice and
form Mg-O bonds under oxygen pressures of 100 Pa and
500 Pa. Similar observations were made by Goktas et al.
[30], whose study indicated that annealing promotes the
formation of Zn-O-Mg bonds in Mg-doped ZnO films,
leading to an increase in the oxidation state within the
film and a decrease in the valence electron density, result-
ing in a shift of the Zn 2p peaks towards higher BE.
From Fig. 4 (f) and (g), it can be observed that both
ionized and non-ionized samples exhibit the strongest N
1s peak on the film surface after annealing under an oxy-
gen pressure of 100 Pa, indicating the highest N content.
This phenomenon may arise from metastable N ions sub-
stituting for O ions in the ZnO lattice, forming unstable
acceptor Ng. N, then attracts another N ion to form (N,)
donors. During annealing at elevated temperatures, (N,)q
gains enough energy to diffuse out of the O ion sites in
the ZnO lattice [31], resulting in an increase in surface
N content of the annealed film. The maximum tensile
stress of the film during annealing at an oxygen pressure
of 100 Pa (Fig. 2) is most conducive to the departure of
(N,)o from the O ion sites, thus leading to a higher N
content and the highest intensity of the N 1s peak.
Figure 5 shows the Lorentz-Gaussian fitting graphs of
non-ionized sample Zn LMM and O 1s, with the peak
positions and area ratios listed in Table 3. The Zn LMM
peak is divided into two peaks, Zn LMM(a) and Zn
LMM(b), located at approximately 494 eV and 498 eV,
respectively. The Zn LMM(a) peak is primarily associ-
ated with intrinsic defects Zn; in the film, while the Zn
LMM(b) peak corresponds to Zn** ions on the ZnO lat-
tice [32, 33]. The O 1s peak is divided into three peaks,
O(a), O(b), and O(c). O(a) is related to O>~ ions on the
ZnO lattice [1], O(b) is associated with Vo defects in the
film [1, 34], and O(c) is related to O, defects and surface-
adsorbed O in the film [35]. With increasing OPA, the
area ratio of Zn LMM (a) related to Zn, in the non-ion-
ized sample gradually increases. The area ratio of O (b)
related to Vo defects also increases gradually. The area
ratio of the defect peak O (a) related to O, decreases first
and then increases. According to Table 3, the proportion
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of 0*7/Zn** in B100 is the largest among B, B100, and
B500 samples, indicating its best crystalline quality.

Figure 6 illustrates the Lorentz-Gaussian fitting spectra
of ionized sample Zn LMM and O 1s. Similarly, Zn LMM is
fitted into two peaks, Zn LMM (a) and Zn LMM (b), while O
Is is fitted into three peaks, O (a), O (b), and O (¢). The rel-
evant parameters for each fitting peak are listed in Table 3.
With the increase of OPA, the proportion of peaks related
to Zn; in the ionized sample gradually increases, while the
proportion of peaks related to O; increases continuously, and
the proportion of peaks related to V, decreases first and then
increases. Before annealing, the proportion of peaks related
to O; and Zn; in the ionized sample (BL) is lower than that
in the non-ionized sample (B), indicating that ionization
is conducive to reducing the content of O; and Zn; in the
sample. After annealing, except for Zn; in BL500, the total
area proportion of peaks related to V, and O; defects and
the proportion of peaks related to Zn, in the ionized sample
are lower than those in the non-ionized sample, indicating
that ionization is conducive to reducing the generation of
internal defects in the film under certain OPA.

3.2 Optical performance analysis
3.2.1 Optical transmittance

Figure 7 shows the transmission spectra of the non-ionized
(a) and ionized (b) samples. Both non-ionized and ion-
ized samples exhibit good transmittance, with interference
fringes observed in the transmittance curves, indicating that
the films are thick and the surfaces are smooth and uniform
[30]. Compared to the as-deposited samples, the transmit-
tance curves of both non-ionized and ionized samples after
annealing exhibit a slight blue shift in the absorption edge,
with no significant change observed with increasing OPA.
This may be attributed to annealing being more conducive
to the incorporation of Mg?* into the ZnO lattice [26], and
the difference in electronegativity between Mg>* and Zn>*
causing the blue shift in the absorption edge [36]. The opti-
cal bandgap Eg of the films is calculated using the Tauc
equation [37]:

(ahv)= A(hw — Eg)"? (%)

1
a="" (6)

The absorption coefficient @ in the Tauc equation of Eq. (5),
can be derived from Eq. (6) derived from the Beer Lam-
ber equation. In Eq. (5) to (6), T is the transmittance, L is
the thickness of the film, h is the Planck constant, A is a
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constant, v is the frequency of the incident photons, and
Eg is the optical bandgap. By plotting 4v against (ahv)?,
the Eg of the non-ionized and ionized samples is obtained
using linear extrapolation, as shown in Fig. 7(c) and (d)
respectively. The Egs of the non-ionized samples B, B100,
and B500, as well as the ionized samples BL, BL100, and
BL500, are 3.4132 eV, 3.4171 eV, 3.4133 eV, 3.4167 eV,
3.4168 eV, and 3.4154 eV, respectively. The variation of Eg
with OAP is consistent with the change in stress, showing
a trend of increasing first and then decreasing. Therefore,
stress variation is identified as the main factor affecting Eg.
It is observed that both non-ionized and ionized samples
exhibit the maximum Eg at 100 Pa OPA (3.4171 eV and
3.4168 eV, respectively).

3.2.2 PLspectrum

Figure 8 (a) depicts the PL spectra of the samples within
the range of 200 to 900 nm. Both non-ionized and ionized
samples exhibit a strong ultraviolet to violet peak (360 to
450 nm) and a weaker blue to green peak (450 to 550 nm)
within the range of 360 to 575 nm. Additionally, a broad and
weak NIR peak is observed near 825 nm. Previous studies
by the authors have indicated that the ultraviolet emission is
primarily caused by the radiative recombination of free exci-
tons [38], while the violet emission peak near 385 nm arises
from the radiative recombination of electrons trapped by
Zn vacancies with holes in the conduction band (CB) [27].
Fang et al. [39] suggested that green light emission is caused
by Vo, while Panigrahy et al. [40] demonstrated that green
light emission originates from singly charged Vo*; when the
defect hole is depleted within the thin film, Vot captures
an electron from the CB to form a neutral center, leading
to radiative recombination with holes in the valence band
(VB), thus causing green emission. Figure 8(b) displays the
emission spectrum of the non-ionized sample within the
range of 360 to 575 nm. After B is annealed, the violet emis-
sion strengthens due to the increased Zn; (Table 3), and this
enhancement gradually increases with the elevation of OPA.
However, the green emission near 525 nm is almost absent,
which can be attributed to the difficulty of ionizing elec-
trons from deep-level donor defects such as Vo. Figure 8(c)
illustrates the emission spectrum of the ionized sample
within the range of 360 to 575 nm. The violet intensity of
BL increases after annealing at 100 Pa oxygen pressure and
decreases when the OPA increases to 500 Pa. The green
emission peak near 525 nm is enhanced after annealing and
shows no significant variation with increasing OPA. Hence,
it is inferred that ionization in this experiment promotes the
formation of Vo™, resulting in green emission from the ion-
ized sample.
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The author’s previous research has identified three poten-
tial causes for red and NIR emission: (1) radiative recombi-
nation of electrons bound to Zn; with holes bound to O;; (2)
radiative recombination of electrons bound to Vo with holes
in the VB [27]; (3) radiative transitions between Zn; and Vo
[41]. Figure 8(d) presents the NIR emission spectra of both
non-ionized and ionized samples. It can be observed that the
NIR emission intensities of both ionized and non-ionized
samples increase with increasing OPA. Combining the XPS
results, it is found that the variation in NIR intensity corre-
lates with changes in the Zn; content in the samples. When
the OPA rises to 500 Pa, the Zn; and O; content in BL500
and B500 samples are nearly the highest, resulting in the
strongest NIR emission. Therefore, it is inferred that the
NIR emission of the samples is mainly due to the radiative
recombination of electrons bound to Zn; with holes bound
to O;.

4 Conclusion

By using the PLD method to prepare Mg-doped ZnO thin
films Zn,, o;Mg, (3O in N, and investigating the influence of
nitrogen ionization and OPA on the film’s structural mor-
phology and luminescent properties, the following main
conclusions are drawn: the Zn,, ;Mg 130 samples prepared
by non-ionization exhibit a hexagonal wurtzite structure
with preferential growth along the (002) direction. In con-
trast, the samples prepared by ionization not only exhibit
this structure but also generate a new phase of Zn;N,. Com-
pared to non-ionization, ionization under certain OPA can
reduce the defect content in the film and improve its crystal-
linity. After annealing at oxygen pressure, the Zn; content
increases, and it increases further with increasing OPA. At
100 Pa oxygen pressure annealing, the non-ionized and ion-
ized samples exhibit the highest tensile stress and highest
N content. The NIR peak observed in the PL spectra of the
samples originates from the radiative recombination of elec-
trons bound to Zn; and holes bound to O;.
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