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Abstract

In this study, ZnO nanorods (ZNRs) were synthesized via the hydrothermal method and doped with silver (Ag). The
structural, morphological, and optical properties of pure and Ag-doped ZNRsavere characterized using X-ray diffraction
(XRD), UV-visible spectroscopy (UV-Vis), energy-dispersive X-ray (EDX) analysis, field emission scanning electron
microscopy (FE-SEM), and photoluminescence (PL) spectroscopy. XRD confirmed the hexagonal wurtzite structure of
the Ag-doped ZNRs, while FE-SEM revealed high-aspect-ratio nanorod morphology. UV-Vis analysis showed a
reduction in the direct band gap with increasing Ag doping concentration. PL spectra exhibited enhanced emission
intensity upon Ag doping, suggesting modified recombination dynamicsj potentially due to suppressed non-radiative
pathways or increased radiative transitions. These findings indicate that Ag-doped ZNRs hold promise for optoelectronic

applications, including light-emitting devices.
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1. Introduction

Zinc oxide, or ZnO, is an inorganic binary compound
material with dual piezoelectric and semiconducting
properties that belongs to the II-VI material groups. ZnO
is transparent to visible light and has a large ‘direct band
gap of 3.37 eV at ambient temperature [1]s The exciton
binding energy in ZnO is about 60 meV [2]. This high
binding energy contributes to the stability of excitons at
room temperature, facilitating applications in lasers and
photonic devices [3]. For solar energy harvesting devices
that produce photo-electrons” for photovoltaic,
photodetective, and® photoc¢atalysis systems, ZnO
nanostructures argthighly helpful in special ZnO nanorods
(ZNRs.) Moreover, ZNRs can be utilized in chemical
pesticidesn4], bactericides, and photocatalysts [5] due to
their properties.

ZNRs are aised in blue light-emitting diodes and short-
wavelength lasers. Also, nanostructured transition metals
doped with ZnO are promising magnetic semiconductor
materials for spintronic [6]. To obtain the desired
properties, metal oxides can be combined with noble
metals like silver. Because it is non- toxic and has superior
electrical and thermal conductivity when compared to
other noble metals, it is widely employed [7].

By altering the oxygen vacancies and crystal defects,
doping Ag ions into ZnO produces additional changes in
the absorbance, physical, and chemical properties that
contribute to increasing the material's photocatalytic
activity [8]. By creating a Schottky barrier using ZnO, it

suppresses the rate of recombination. In addition, it
creates intermediate energy states that lower the band gap
and require less energy to excite electrons [9, 10]. ZnO's
silver can trap the charge carrier and block the charge
recombination process [11]. Ag-doped ZnO exhibits
ferromagnetic [12] and antibacterial [13] characteristics.
A silver band forms and interacts with ZnO's d orbital,
causing the ferromagnetic characteristics. ZnO's band gap
is modified and its band structure is altered by adding Ag,
which makes ZnO appropriate for solar cells [ 14]. Several
approaches, including the acid-catalyzed sol-gel
technique [15], thermal treatment [16], sonochemical
[17], and co- precipitation [18], were employed by
various researchers in the development of the Ag-doped
ZNRs.

This paper presents an experimental hydrothermal method
that focuses on the synthesis and characterization of Ag-
doped ZNRs. When doping and hydrothermal techniques
are properly combined, it is feasible to produce NRs with
improved characteristics over undoped ZnO. This effort
involved a complementary investigation of Ag-doped
ZNRs using X-ray diffraction (XRD), photoluminescence
(PL), field emission scanning electron microscopy (FE-
SEM), and UV-visible spectroscopy (UV-Vis). This
project's objective was to create Ag-doped ZNRs and
change their characteristics such that they may be utilized
in optoelectronic devices. In particular, the study
discusses how Ag concentration affects ZNR film
structural, morphological, optical, and PL characteristics.
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Fig. 1 Schematic diagram of hydrothermal method of Ag-
doped ZNR s.
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Fig. (2) XRD patterns (a) ITO glass, (b) ZNPs/ITO, and (c)
ZNRs/ ZNPs/ITO.

This information is crucial in determining the films'
suitability for optoelectronic applications.

2. Experimental

2.1. Synthesis of ZNRs and Ag-doped ZNRs

Synthesis of ZNRs and Ag-doped ZNRs includes 5 steps:
The first step involves pretreatment’ of the substrates.
Initially, the substrates consisted of glass sheets with a
thin conductive layer of saturated indiuwm tin oxide (SnOx:
In, ITO). ITO is one of the/most widely used transparent
conducting oxide (TCQ). The resistance of the sheet is
about (20 Q/cm?) fof'one side/ consuming dimensions of
{(3x1) cm?}. Subsequently, ITO glass substrates were
treated by immersing them in an acetone beaker for fifteen
minutes _tondo,an ultrasonic bath (Ultrasonic LC 30 H
ELMA).| Following  that, the sonication procedure was
carried out’again’in isopropanol alcohol, 100% ethanol,
and deionized water (DIW) independently in order to
eliminate the first oxide coatings from the substrates'
surfaces. The substrates were rinsed with DI water during
the sonication procedure. The seeds were deposited
employing a spin coating technique on an ITO glass
substrate. 0.2 mol/L zinc acetate 2 hydrate [Zn
(CH5COO0),.2H,0] and 0.2 mol/L diethanolamine
NH(CH,CH,OH), have been mixed to create the gel
solution for coating. The ethanolic mixture was then
stirred for 30 minutes at 60 °C, to produce a colloidal,
homogenous solution that was suspended for the entire
night.

Table 1: XRD analysis for ZNPs and ZNRs
Structural|St. Value Z NPs/ITO

ZNRS/ZNPs/ITO

ki (200) | 100y [ (002) [(101)| (100) | (002) | (101)

20° | 34467 | - [34.9636] - |30.1081[34.3524]36.1791
d-(nm) | 2.600 | - [2.56634 2.96821[2.61059] 2.48081
FWHM - - [0.49593 0.33062]0.26863] 0.91245

Subsequently, spin deposition was carried out by spinning
the ITO glass substrates for 30 seconds at 3500 rpm using
100 pL of the prepared solution for each sample.
Ultimately, ZnO nanoparticles (ZNPs) were formed on
ITO glass by annealing the samples for two hours at 350
°C.

The fourth step (Figure 1) involves making the*detailed
calculation of the doping percentage of silverthas been
done using the required amount of silvernitrate (1%, 2%,
3%, 4%, and 5%) was added into an_aqueous solution
containing the [Zn@NO3),.6H,0 +
Hexamethylenetetramine (HMTA)] then stirred for about
30 minutes at room temperatufe. Next, the seed layer
samples were immersedn this prepared solution for 4
hours at 90 °C. Subsequéntly; the Ag-doped ZNR samples
are released todir dry.

2.2 Characterization

The samples' phases and structure were examined using
X-ray diffraction (a Shimadzu 6000 diffractometer)
utilizing Cu-Ko radiation at 40 kV and

30 mA (A=1.4506 A). The produced samples' absorbance
spectra_ were measured by utilizing a ( Shimadzu UV-
1800) ./ ultraviolet-visible  spectrophotometer.  The
morphologies of all samples were studied via a field
emission scanning electron microscope FE-SEM (Nova
Nano SEM 450) coupled to energy-dispersive X-ray
spectroscopy (EDS). Photoluminescence (PL) spectra
were recorded from 350 to 800 nm at room temperature
by a 325 nm excitation (Shimadzu RF-5301PC
spectrometer, Japan).

3. Results and Discussion

Every sample that was studied had a hexagonal wurtzite
structure, both the pure ZNRs and the ZNRs doped with
silver. All samples have high crystallinity, as shown by
the strong diffraction peaks in Figures 2 and 3. The
diffraction angle, d-spacing, and full width at half
maximum (FWHM) of ZNPs and ZNRs are presented in
Table 1. Figure 2 displays the XRD patterns of ITO glass,
ZNPs/ITO/glass, and ZNRs/ZNPs/ITO/glass, based on
the two JCPDS cards (no. 01-089-4598) & (no. 00-003-
0888) for ITO glass substrate and ZNRs, respectively.
Ag-doped ZNRs XRD pattern shows a slight shift in the
direction of the 34° angles at the position of the (002)
peaks [19], as Figure 3 illustrates. As silver doping
increases, peak broadening is accompanied by a decrease
in diffraction peak strength. The crystalline quality of the
generated nanoparticles declines with increasing silver
doping. At the locations where the positively orientated
(002) crystal plane has shifted, silver ions must replace
zinc ions. The shift in (002) peaks may be due to the
difference in ionic radii of zinc and silver, rather than the
weight proportion of doped silver because the ionic radius
of silver ions is higher than that of zinc ions [20].
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Fig. (3) XRD diffractograms of (a) ITO glass; (b) ZNPs/ITO;
(c) pure ZNRs/ZNPs/ITO; and ZNRs doped with different
concentrations of Ag: (d) 1%; (e) 2%; (f) 3%; (g) 4%; and
(h) 5%.
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Fig. (4) Field emission scanning electron microscopic images
of the (a) ZNPs and (b) ZNRs at different scales and
Magnifications; (c) cross-section of pure ZNRs

The comparison of diffraction patterns between ZNRs and
Ag doped-ZNRs reveals that the diffraction peaks of pure
ZNRs, particularly at around 34°, exhibit a mixture with
the silver signal, indicating successful integration of Ag
into the ZnO crystal lattice due to the smaller ionic radius
of Zn? (74 pm) compared to Ag' (126 pm) [21]. This
integration results in the acquisition of a metallic silver
phase on the ZnO surface.

Table 2. XRD analysis for ZNRs and Ag- ZNRs grown on ITO
glass substrates at different Ag concentrations

dhkl dhkl
CH i
20 FWHM| Crystalline d. strai (k)

©002) | A e&‘; size (nm) | {0 %
0%34.35241(0.26863[2.61059] 3232 | 2.600 [0.378731357,(002)
1%] 343190 [0.48806[2.61305]  17.79 [ 2.600 [0.688097479](002)
2% 34.3982 0.79310[2.60721] 1095 | 2.600 [1.118161929[(002)
3% 34.3959 [0.85411[2.61055]  9.700 | 2.600 [1.204177638[(002)
4%| 344154 [0.91512[2.60596]  9.500 | 2.600 [1.290193348[(002)
5% 34.3931 [0.91512]2.6076]  9.600 | 2.600 [1.290193348(002)

Lattice
Ag

Table 3. The estimation of lattice parameters for ZNRs and
Ag-ZNRs grown on ITO glass substrates at different'Ag
concentrations.

Lattl_ce Lattice
strain strain
20°- % in the | 2[1°- b
Ag [002] cA) -~ [100] a(A) A; ;Iinsa- c/a
axis

0% | 34.35 | 52168 | 0.2049 |30.20°| 3.3325 | 3.3325 | 1.565
1% | 34.31 | 52217 | 0.2995/130.300»3:3213 | 3.3213 | 1.572
2% | 34.39 | 52101 | 0.0755 |30.39| 3.3113 | 3.3113 | 1.573
3% | 3439 | 5.2105 | 0.0837{30.39 | 3.3113 | 3.3113 | 1.573
4% | 3441 | 52076 | 0.0270 |30.46| 3.3048 | 3.3048 | 1.575
5% | 3439 4 52108 /' 0.0899 |30.33 | 3.2825 | 3.2825 | 1.587

Moreover, an increase in Ag concentration leads to a
broadening of the diffraction peaks as shown in Table 2,
suggesting a correldtion between Ag content and peak
broadgning,[21]. This broadening phenomenon could be
attributed to the structural changes induced by the higher
concentration of Ag dopants in the ZnO nanorods,
mfluencing their crystalline properties and diffraction
patterns.

Moreover, as the concentration of Ag dopant increases,
the FWHM also increases, indicating a change in the
crystallinity of the ZnO nanorods. This change in FWHM
suggests that higher Ag concentrations may promote the
preferred growth of nanorods along the c-axis, influencing
the structural properties of the synthesized materials [22].
The addition of Ag ions to ZnO nanorods causes
expansion in lattice constants (tensile strain) due to the
larger atomic radius of Ag compared to Zn, leading to
changes in lattice parameters [23]. The particle size of the
ZNRs and Ag-ZNRs has been calculated by using Debye—
Scherrer’s formula [24].

The lattice parameters for ZNRs and Ag-ZNRs
synthesized at various concentrations of Ag show
hexagonal unit cells that are extremely similar to the
typical lattice parameter values for ZnO (a=3.2998 A and
¢ = 5.2066 A). The peaks from the wurtzite phase were
used to derive the lattice constants. From the peaks with
orientation (100), constant a was estimated, and constant
c-for orientation (002) was presented. Table 3 presents the
lattice parameters. Remarkably, compared to low
concentrations, the c/a ratio is higher at high Ag
concentrations, which may be attributed to a significantly
greater lattice mismatch.

Figure 4(a) presents the FE-SEM image of ZNPs (seed
layer) with 3 layers. As observed the prepared ZNPs were
very compact and did not have any cracks as observed
from their morphology Figure 4(b) shows FE- SEM
images of ZNRs grown for 4 hr, with an average length of
around ~500 nm, indicating that rods are emerging on the
nucleation sites ZNPs.



Fig. (5) Field emission scanning electron microscopic images
of the ZNRs doped with different concentrations of Ag: (a)
1%; (b) 2%; (c) 3%; (d) 4%; and (e) 5 %; (f) cross-section of 4
% Ag- doped ZNRs.

A FE-SEM image with (0, 1, 2, 3, 4, and 5) weight
percentage Ag- doped ZNRs is shown in Figure 5. Non-
uniformity in the size of particles and particle aggregation
are seen in the FE-SEM micrographs. Agglomeration
increases as Ag doping concentrationirises, possibly due
to Ag nanoparticle formation [25, 26].,EverysFE-SEM
image demonstrates the reduction in the diameter of rods.
ZnO nanoparticles have a spherical’aggregation of doped
particles and a cylindricalaod-like shape, with an average
length of around ~600 nm, agglemeration happens
practically everywhere in the erystallite form.

The dispersive X-ray (EDX) speetra of 1%, 2%, and 3%
of Ag are displayedn Figures 6 (a, b, and ¢). They only
comprise Zn and/O' elements along with other elements
from the ITO/glass substrate due to the small amount of
Ag metalyy, Whilst the 4% and 5% Ag-doped ZNRs
samples, Figure. '6(d and e), have notable doping
concentrations of’Ag elements, which also contain O and
Zn elements.

The UV-Vis absorbance spectra, ranging from 300 to1000
nm, of two different samples, the ZNRs and various Ag-
doped ZNRs, are displayed in Figure 7. An absorption
edge develops at approximately 383 nm, which could be
a sign of ZnO NRs' inherent band gap transition. In
contrast to pure ZNRs, various Ag-doped ZNRs will have
a significantly larger optical absorption edge.
Furthermore, Figure 8 clearly showed an elevated
absorption in the visible light region when Ag was added
to ZNRs. This demonstrates that adding Ag to ZnO
reduces the band gap. The energy gap values are displayed
in Table 4.

Fig. (6) EDS patterns of ZNRs doped with different
concentrations of Ag: (a) 1%; (b) 2%; (c) 3%; (d) 4%; and (e)
5%.

With an increase in doping concentration, the band gap
value decreases, as indicated by the shift in the absorption
edge. Numerous variables, like lattice strain, carrier
concentration, grain size, etc., affect how the Eg value
changes [27]. The formation of energy levels in the
valence and conduction bands is responsible for the band
gap's decreasing.
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Fig. (7) UV-Vis spectra curves of (a) ITO glass; (b)
ZNPs/ITO; (¢) pure ZNRs/ZNPs/ITO; and ZNRs doped with
different concentrations of Ag: (d) 1%; (e) 2%; (£) 3%; (g) 4%;
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Fig. (8) Band gap energy curves of (a) ITO, glass;
(b)ZNPS/ITO; (c) pure ZNRs/ZNPs/ITO; and,ZNRs doped
with different concentrations of Ag: (d) 1%; (€)2%; (f) 3%;
(g) 4%; and (h) 5 %.

Ag-doped ZNRs may be taken tinto<consideration to
enhance the optical characteristics. In actuality, ZNRs'
optical absorption can b€ improved by a tiny quantity of
Ag. The introductiongof Ag,into” the ZnO structure alters
its properties, leading to a decrease in the bandgap and a
shift towards a more conductive behavior, as indicated by
the decfease. in resistivity with Ag doping. The interaction
between Ag and ZnO influences the optical properties of
the films,/ making them promising materials for
applications such as photovoltaics due to their improved
performance [28]. Ag doping has reduced the energy gap
of ZnO; this means that the modification in the allowed
band edge leads to a downward shift in the conduction
band edge accompanied by shrinkage of the optical band
gap due to Ag incorporation in the ZnO NRs lattice.
Substitutional Ag* ions (ionic radius ~1.26 A) can replace
Zn2* (0.74 A) in the ZnO lattice [29]. This causes lattice
distortion and local electric field modification, leading to
conduction band edge downshift and hence reduced
bandgap. Possibly increased density of states near the
conduction band.

Table 4: The energy gap values of pure ITO, ZnO NPs, ZnO
NRs, and different concentration Ag-doped ZNRs.

Constructions Energy gap (eV)
ITO/glass 4.0
ZNPs/ITO/glass 3.22
ZNRs/ ZNPs /ITO/glass 3.20
1% Ag-doped ZNRs 3.00
2% Ag-doped ZNRs 2.82
3% Ag-doped ZNRs 2.67
4% Ag- doped ZNRs 2.61
5% Ag-doped ZNRs 2.50

Photoluminescence (PL) describes the phenomenon of
light emission from any form of matter ,after the
absorption of photons (electromagnetic radiation). [30].
The room temperature photoluminescence (PL) spectra of
various concentrations of Ag-doped”ZNRs “and pure
ZNRs, as shown in Figure 9, were recorded using a Xenon
lamp that had a wavelength of ex@itation of 325 nm for
the wavelength range of/ 200- ) 800 nm. The
photoluminescence spectratof ZNR§ indeed show an
increase in emission intensity with higher Ag-doping
concentrations, as observed in the research by Abdalla et
al. [31]. Thisdenhancement in emission intensity can be
attributed to the preSence of oxygen vacancies in the Ag-
doped films, as suggested by Ahmed et al. [18].

Both inherent and extrinsic flaws in ZnO are the cause of
this visible emission, Figure 9. For the pure ZNRs sample
and [Ag-doped ZNRs as observed from Figure 9, the PL
spectra,show four emission bands with varying intensities
at wavelengths of 325, 360, 650, and 700 nm. The optical
excitation is responsible for the peak at 325 nm, whereas
the presence of zinc interstitial defect in the ZnO lattice
is responsible for the peak at 360 nm. The radiating flaws
and the interface traps clinging to the grain boundaries
may be the cause of the green emission peaks at 650 nm.
Deep-level emission (DLE), a term used to describe
visible emission, may be associated with variations in
inherent defects in zinc oxide, including interstitial zinc,
interstitial oxygen, zinc vacancy, and oxygen vacancy
[32]. The emission results from photo-initiated hole
recombination with a single-ionized charge state of the
point defects (Zn interstitial and oxygen vacancies) and
electron recombination in single-ionized oxygen
vacancies [33]. Several parameters, including particle
size, structural defects, and oxygen vacancies, were
reported to have an impact on the PL spectra of
nanostructures in the literature [34]. The increase in the
insanity of PL spectra toward a high wavelength known
as the red region is observed with increasing silver
concentration. The rising concentration of oxygen
vacancies on surface ZNRs could be the cause of the
redshift [35]. Peak intensity at 700 nm is attributed to
oxygen vacancies and is observed to increase at 1%, and
then, it decreases as Ag doping concentration in the ZNRs
increases from 2% to 3 % [36, 37]. When Ag doping
concentration arrived at 4%, the intensity at (700) nm, first
rose before falling again at a concentration of 5 %. This
can be explained by two distinct methods for the
incorporation of Ag” ions into the ZnO nanostructures:
the replacement of Zn* ions, which creates additional
ionized oxygen vacancies, and the inclusion of Ag as
interstitials.
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Fig. (9) Photoluminescence spectra of: (a) pure ZNRs; and

ZNRs doped with different concentrations of Ag: (b) 1%; (c)
2%; (d) 3%; (e) 4%; and (f) 5 %.

On the other hand, the majority of the "Ag" ions may have
been substituted into the lattice of ZnO at low Ag doping
concentrations. More Ag ions (5 %) are interstitially
incorporated into the ZnO nanostructure at higher Ag
doping concentrations. Therefore, more lattice defects are
produced in ZnO nanostructures with greater Ag doping
concentrations [38].

The increase in PL intensity (4 %) suggests a decrease in
defects and surface passivation due to localized surface
plasmon resonance coupling between the doped silver and
ZNRs. Overall, silver doping enhances the recombination
processes, making these materials more efficient for
optoelectronic devices. However, excessive silver doping
(5%) can lead to quenching of photoluminescence du¢ to
spectral self-absorption of the silver nanoparticle surface
plasmon resonance. As mentioned in earlier studies [39-
42], the 700 nm emission band of undoped ZNRs jwas
demonstrated to be connected to an excess of oXygen
vacancies. In this approach, Ag doping transforms ZnO
from a UV emitter to a broadbandpemitteryor even a
red/NIR emitter. Thus, it is /suitable for different
optoelectronic devices because Ag,doping enhances and
broadens emission. While Araditional ZnO applications
focus on UV, Ag-dopedZNRs push the material into new
roles in optoelectronies [43]. It is noteworthy that the PL
intensity of Ag- doped ZNRs'is significantly higher than
that of undoped’ZNRs. The red-light region's greatest
emissiom,can be found at 700 nm. Ag-doped ZNRs have a
higher intensityrof free exciton emission at 700 nm in
comparison/ to undoped ZNRs. Increased emission
intensity following Ag doping is shown in Figure 9,
indicating | »Changes in electron-hole recombination
dynamics.” This implies that Ag doping improves ZNRs'
optical characteristics by either boosting radiative
transitions or blocking non-radiative routes. This
enhancement is most likely due to blocking non-radiative
recombination paths, which may explain the trap
passivation brought on by Ag dopants. Furthermore, the
Ag atoms offer shallow-level energy states that promote
the radiative transition, and the effective radiative
recombination can be improved [44]. It is observed in Fig.
9 that no significant redshift is observed, despite the

expected increase in strain due to the larger ionic radius
of Ag* compared to Zn?* [45]. This absence suggests that
the quantum confined Stark effect (QCSE) may be either
too weak to be spectrally resolved or overshadowed by
competing optical processes. In that Ag, doping
introduces localized states within the bandgap and
contributes to bandgap narrowing, which significantly
alters the recombination dynamics. These new pathways
often lead to enhanced defect-level emissions in the
visible to near-IR range, potentially masking QCSE-
induced shifts. As a result, no significant redshift or
broadening is observed in the PL emission, suggesting a
reduced influence of spontaneous polarizationson the
optical response [46].

The three steps below are involved in the LUV ‘emission
process of the PL from ZNRs, as perthe mechanism of
exciton emission: pure ZNRs/samplewis excited by
incident light, which also create$ carriers. The carriers
subsequently relax to the conduction'band edge and form
excitons through phonon scattering. The excitons then
propagate within the crystalj-and their recombination
releases photons:, Ag atoms occupy Zn atom positions in
the ZNR lattice for,Ag-doped ZnO films. The carriers in
the sample would be excited by the incident UV radiation.
Excitons quickly diffuse in ZnO due to the photo-carriers'
easier gscape from Ag ions than from Zn ions, increasing
to electron-hole pairs (excitons). A higher concentration
of excitons’will also result in a higher possibility of
excitonic recombination. As a result, Ag-doped ZnO
emitgred light with a greater intensity than undoped ZnO.
Because of the strong link between ZNRs and silver
particles, the photoluminescence intensity of Ag-doped
ZNRSs is higher than that of ZNRs without Ag. This
indicates that the metal-semiconductor composite is
well-orientated for laser diode material use; Lu et al. [47]
showed this phenomenon well-marked. Based on these
results, Ag doping is a key factor in changing the optical
properties of ZNRs, which makes it a viable option for a
range of optoelectronic uses such as light-emitting diodes
(LEDs).

Conclusion

A straightforward hydrothermal process was utilized to
effectively synthesize both pure ZNRs and Ag-doped
ZNRs. XRD confirmed that hexagonal wartzite and
polycrystalline structures are present in all of the prepared
films. FE-SEM images demonstrated the reduction in the
diameter of rods after doping. Ag doping leads to a
decrease in band edge absorption while enhancing visible
emission. This indicates a modification in the
recombination dynamics of electron-hole pairs, essential
for LED functionality. When silver (Ag) is added to
ZNRes, it is discovered that the PL intensity is higher than
in pristine (undoped) ZNRs. In general, silver ions are
essential for passivating surface defect states and
extending ZNRs' PL intensity. Understanding the impact
of silver doping provides important insights for
developing robust and efficient optoelectronic devices
using ZNRs.
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