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ABSTRACT

Silver-doped zinc oxide nanostructures (Ag/ZnO NSs) with Ag content of 0
wt%, 5 wt%, 10 wt%, and 20 wt% were synthesized using a hydrothermal
technique. The prepared nanostructures were annealed at 500 °C for 2 h. The
samples were characterized by using scanning electron microscopy, FTIR, X-ray
diffraction (XRD), and electrical conductivity. FTIR spectra confirms the pres-
ence of hydrogen-related shallow donor defects in the Ag/ZnO NSs, which bind
to the oxygen vacancy (Hp) and consequently plays a significant role in the
physicochemical properties of the metal oxide nanostructures. The Hq defects
are blended to O- and Zn-polar Ag-doped ZnO NSs, depending on their
polarity. XRD results verified that Ag/ZnO NSs have a polycrystalline hexag-
onal structure. Williamson-Hall methods were used to estimate the
microstructural properties of polycrystalline nanostructures. The electrical
conductivity increased from 0.60 to 1.10 pS/cm, and the bandgap energy
decreased from 3.36 to 3.10 eV by increasing the Ag from 0 wt% up to 20 wt%.
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1 Introduction

Zinc oxide nanoparticles (ZnO NPs) are attractive
semiconductors because of their excellent physical
properties, such as n-type semiconductors, excellent
optical and electronic properties, high electronic
mobility, fast recombination of electron-hole pairs,
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excellent photocatalytic activity, high thermal con-
ductivity, and limited visible light absorbance [1, 2].
The bandgap energy and exciton binding energy of
the ZnO NPs are 3.37 eV and 60 meV, respectively
[2, 3]. ZnO has a stable wurtzite hexagonal structure
with lattice constants a = 3.250 A and ¢ = 5.207 A [4].
According to these properties, ZnO NPs are used in
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different applications, such as solar cells [5], opto-
electronic devices [6], gas sensors [7], biosensors [8],
light-emitting devices [9], and photocatalysis [10].
Many physical and chemical parameters control the
synthesis of the ZnO NPs size and morphology, such
as solvent pH [11], synthesized solvents [12],
annealing temperature [13], and dopant materials
[14].

Therefore, the dopant materials and concentrations
affect ZnO nanostructures’ physical and chemical
properties [15-17]. Among the dopant materials, sil-
ver (Ag) is used as a dopant material for zinc oxide
nanostructures (ZnO NSs) to improve physical and
chemical properties since Ag has high chemical sta-
bility and high electrical conductivity [18]. Many
studies focused on investigating the influence of Ag
doping in ZnO nanostructures. For instance, O. Yil-
dirim et al. [19] confirm that silver has a high affinity
in substituting Zn*" ions in the crystal lattice and
consequently affects the inclusion of energetic states
within ZnO, which leads to a decrease in the bandgap
energy. In addition, P. Panchal et al. [20] confirm that
the Ag/ZnO nanostructures with 1.0 wt% of Ag have
a good photocatalytic and antimicrobial activity
compared to pure ZnO NPs. Moreover, doping ZnO
nanostructures by Ag changes the optical absorption
toward the red region, decreasing the bandgap
energy and consequently increasing the photocat-
alytic and antibacterial activity [21].

The hydrogen impurity forms shallow donor
defects in the ZnO structure, affecting the optical,
optoelectronic, and electrical properties of ZnO
[22-25]. This work is focused on the influence of
hydrogen-related shallow donor defects in addition
to Ag concentration as a dopant material on the
chemical, structural, and morphological properties of
Ag/ZnO NSs. FTIR absorbance spectra were studied
to investigate the hydrogen-related shallow donor
defects in the Ag/ZnO NSs. In addition, the X-ray
diffraction (XRD) technique is a crucial characteriza-
tion tool that provides essential information about
crystal phase, crystalline structure, crystallinity
degree, and microstructural properties for bulk, thin
films, and nanostructures. According to the definition
of the perfect crystal extended in all directions to
infinity, there is no perfect crystal infinite size.
Therefore, the nanostructures are not perfect crystals
and consequently have a broadening of the diffrac-
tion peaks. All microstructural properties of the
nanostructure are extracted from the peak linewidth
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analysis [26]. After growing the nanostructure and
before studying the physical properties, XRD char-
acterization should be studied to identify the
microstructural properties that affect all physical
properties, such as optical, electrical, and electronic
properties. Moreover, the effect of Ag doping and
hydrogen-related shallow donor defects on the opti-
cal, optoelectronic, and electrical properties of Ag/
ZnO NSs were investigated.

2 Experimental set-up and sample
preparation

Ag/ZnO NSs (0, 5, 10, and 20 wt%) were synthesized
by the hydrothermal method. An amount of 5 g zinc
acetate dihydrate (Zn(CH3;CO,),-2H,0) and (0, 0.25,
0.5, and 1) g silver nitrate (AgNOj3) were dissolved in
50 mL absolute ethanol in the beaker (1) and then
placed in a water bath at 70 °C. At the same time, an
amount of 1.25 g of sodium hydroxide (NaOH) was
dissolved in 50 mL of absolute ethanol in a beaker (2).
The solution (2) was dropped into the beaker (1) at a
rate of 10 mL/min. The resultant solution was kept in
a water bath for 2 h at 70 °C. The obtained Ag/ZnO
NSs were washed with ethanol and distilled water.
The Ag/ZnO NSs were dried in an oven at 90 °C for
24 h, and then, later on, Ag/ZnO NSs were annealed
at 500 °C for 2 h to remove defects [25].

The structural and morphological properties of
Ag/ZnO NSs were investigated using X-ray diffrac-
tion (XRD) analysis (Malvern Panalytical Ltd, Mal-
vern, UK) and scanning electron microscopy (SEM)
(FEI Quanta FEG 450). Fourier transform infrared
spectroscopy (Bruker Tensor 27 spectrometer) inves-
tigated the chemical structure. UV/Vis spectropho-
tometer (U-3900 H) and 4-point probe (Microworld
Inc.) connected with a high-resolution multimeter
(Keithley 2450 Sourcemeter) were used to investigate
the optical and electrical properties.

3 Results and discussion

3.1 Morphological properties and surface
wettability

SEM results show that undoped ZnO NPs exhibit a
hexagonal structure with an average size between 30
and 40 nm (Fig. 1a). The morphological structure was
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transferred from particles to uniform rods in Ag/
ZnO NSs (Fig. 1b-d). Ag/ZnO NSs average particle
sizes at 5, 10, and 20 wt% are in the range of
30-40 nm.

ZnO NPs and Ag/ZnO NSs surface wettability
were investigated between surface and water dro-
plets through static water contact angle (WCA)
measurements (Fig. 2). The average WCA of ZnO
NPs is 35°, while it was 49° for Ag/ZnO NSs indi-
cating a significant increase in surface hydrophobic-
ity associated with the transforming from the
nanoparticle phase (ZnO NSs) to the nanorod phase
(Ag/ZnO NSs).

3.2 Chemical structure

The absorbance band in ZnO NPs of stretching Zn-O
bonds appears between 500 and 750 cm™!, and the
absorbance band of bending O-H bonds appears
between 800 and 1000 cm ™" (Fig. 3). Moreover, the
absorbance band of stretching O-H bonds appears at
3340 cm~'. Moreover, the peaks at 1360 cm™' are

attributed to the acetate group, the residual from

Fig. 1 SEM micrographs of
Ag/ZnO NSs with Ag contents
of a 0 wt%, b 5 wt%, ¢ 10
wt%, and d 20 wt%

(a) Undoped ZnO-NPs
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Fig. 2 Contact angle of Ag/ZnO NSs (Ag contents of 0, 5, 10, and
20 wt%)

starting material used for preparing ZnO NPs [27]. A
new band appeared at 1120 cm™' in Ag/ZnO NSs
attributed to the Ag-O bonds. The existence of
stretching O-H bonds in Ag/ZnO NSs at 3340 cm ™',
which annealed at 500 °C without an external H

(b) Ag/inO-Ps (5% wt.)
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source, shows an H-containing defect in the nanos-
tructures. This suggests the existence of hydrogen-
related shallow donors in the Ag/ZnO NSs, which
bounds to the oxygen vacancy (Hp), [28]. More
important, hydrogen-related shallow donor defects
with multiple O-H bonds in a zinc vacancy in the
form of Hp are expected to play an essential role in
the physicochemical properties of the metal oxide
nanostructures [29]. According to our published
article, the formation and dissociation of the O-H
bonds depend on the annealing temperature and
time [30]. According to C. Van de Walle’s study [31],
the H" ions have a low enough formation energy to
induce their high solubility in ZnO due to the great
strength of the O-H bond. The Hp defects are blen-
ded to O- and Zn-polar Ag-doped ZnO NSs,
depending on their polarity.

3.3 Crystal structure

All microstructural properties of the nanostructure
are extracted from the peak linewidth analysis [26].
Moreover, microstructural characterizations, such as
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Fig. 3 FTIR spectra of Ag/ZnO NSs at Ag content of 0, 5, 10, and
20 wt%
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crystalline domain size (D), microstrain (g), internal
lattice strain (¢), and other parameters were also
investigated using Williamson-Hall (WH) method
and its modifications. Figure 4 illustrates the XRD
pattern of the Ag/ZnO NSs. The powder XRD pat-
tern was indexed using qualitative phase analysis
software (Qualx2). The XRD diffraction peaks for
undoped ZnO NSs are detected at 31.60°, 34.27°,
36.10°, 47.39°, 56.45°, 62.73°, 67.82°, and 68.95°, cor-
responding to the Miller indices of (100), (002), (101),
(102), (2-10), (103), (200), and (2-12), respectively,
being well-matched for a standard hexagonal wurt-
zite ZnO with the space group of P63mc according to
the JCPSD card no. 036-1451 and 071-3830. Intro-
ducing Ag into the ZnO NSs is found to lead to
giving rise to additional peaks at 38.03°, 44.22°,
64.37°, and 77.30° corresponding to the Miller indices
of Ag(111), Ag(200), Ag(220), Ag(311), respectively
[32]. At the same time, no other crystal phases are
identified in the patterns for all samples indicating a
high degree of purity. Figure 4 also confirms the
hexagonal ZnO phase formation and the presence of
cubic Ag phase, which means that the quantity of Ag
reaches the solubility limit [33].

— ZnO (002)

— ZnO (101)
)
— " Ag (220)

— ZnO (200)
—Zn0 (2-12)

— Ag(l11)
— ZnO (102)

— ZnO (100)
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Fig. 4 XRD patterns of Ag/ZnO NSs at Ag content of 0, 5, 10,
and 20 wt%)
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By increasing the Ag content, the main orientations
of the ZnO structure along with (100), (002), and (101)
atomic planes were decreased in intensity and shifted
to higher Bragg angles (Fig. 4). This means that Ag
doping decreases the crystallinity and consequent
increases the microstrain of Ag/ZnO NSs, which
results from the stresses induced by the ionic radii
difference of Zn and Ag ions and subsequent
changing the crystal plane polarity of Ag/ZnO NSs
[34].

The crystallinity degree (X %) which is the ratio
between the integrated area under the diffraction
peaks (Auys) to the total area (Acrys + Aamorph) Was
calculated (Table 1) according to the following
equation [35]:

Acrys

X 9% =
cryst /0 — A A
crys amorph

x 100%. (1)

The crystallinity degree of the undoped ZnO NPs
is 64.71%. Increasing Ag content in Ag/ZnO NSs
decreases the crystallinity degree. The lattice con-
stants are determined by indexing the diffraction
peaks from different reflections for polycrystalline
nanostructures. Accordingly, the lattice constants and
other related parameters of Ag/ZnO NSs were
studied. All Ag/ZnO NSs were found to have a
polycrystalline hexagonal structure. According to
JCPDS card no. 036-1451 and 071-3830, the lattice
constants of the ZnO hexagonal structure are a,.
=by=32489 A and cy=52068 A. Firstly, the
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interplanar space dyy values are estimated according
to Bragg’s law (nd = 2dyy sin Op) [36, 371, where n is
an integer, A is the wavelength of X-ray
(A =1.54184 A), and 0 is the angle of incidence.

After determining the diffraction angle, (hkl) val-
ues, and the djy for the main three peaks in the XRD
pattern of Ag/ZnO NSs in Fig. 4, the lattice constants
and the unit cell volume (v) of Ag/ZnO NSs were
calculated (Table 1) from the standard formula of the
hexagonal structure as a = \/mdloor ¢ = 2dyp», and
v = 0.866a%c, respectively. It is worth mentioning that
the atomic and ionic radii of Zn™? are 1.42 A and
1.35 A, while Ag™ are 1.75 Aand 1.15 A, respectively
[38]. Moreover, the variations in the lattice constant
values are due to the insertion of the Ag ion in
interstitial positions of the ZnO wurtzite cell [38].

There is a slight difference between the measured
lattice constants and standard lattice constants for the
ZnO wurtzite structure, indicating the existence of
internal stress in the NSs. As shown in Sect. 3.2, the
presence of hydrogen-related shallow donors is the
main reason for the internal stress in Ag/ZnO NSs,
which binds to the oxygen vacancy, Ho which leads
to defects formation, including multiple O-H bonds
in a zinc vacancy. Therefore, the average internal
stress (o) along the x-axis and z-axis of Ag/ZnO NSs
were determined (Table 1) using Eqgs.3 and 4,
respectively [39]:

Table 1 The structural and microstructural parameters of Ag/ZnO NSs determined by using XRD

Ag O wt%)  Ag (5 wt%)  Ag (10 wi%)  Ag (20 wi%)

Parameters Symbol and Unit
Degree of crystallinity Kerys %0
Lattice constants a [A]

c [A]
c/a c/a
Unit cell volume v [A%]
In-plane average internal stress (a) g, [GPa]
Out-of-plane average internal stress (c) a. [GPa]
UDM D [nm]

(g) x 1072

8 x 107" line/cm?
USDM o [GPa]
UDEDM D [nm]

o [GPa]

u [MJ m™]

64.71% 59.68% 55.03% 48.69%
3.27 3.27 3.26 3.26
5.24 5.23 5.21 5.22
1.60 1.60 1.60 1.60
48.51 48.34 47.83 48.17
— 0.139 — 0.107 — 0.011 — 0.075
—0.144 — 0.116 — 0.034 — 0.090
37 34 36 35

1.23 1.19 1.05 0.86
1.69 0.88 0.79 0.80
0.177 0.171 0.151 0.124
37 34 35 35
0.149 0.144 0.129 0.108
0.109 0.102 0.079 0.054
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where E and y are Young modulus and the Poisson
ratio of Ag/ZnO NSs, respectively.

The main microstructural analysis parameter
depends on the diffraction peak linewidth at half
maximum (FWHM, p). The linewidth observed (Bqy,)
is the superposition between the linewidth of the
sample (f;,) and the linewidth of the instruments or
the silicon standard (f,,). There are many reasons for
the microstrain formation in the nanostructures, such
as points and planes defects, and the grain bound-
aries [40, 41].

Williamson-Hall (WH) method is a reliable
method used to investigate the crystallite size,
microstrain, and other microstructural properties of
the nanostructures. This method also proposes that
the linewidth of the XRD peaks affects the
microstructural properties, particularly the particle
size [26, 42]. The total linewidth of the XRD peaks
(o) composed of superposition of the particle size
linewidth (f,.) and microstrain linewidth (f,,) is
derived according to [33]

ﬁtotal = ﬁsize + ﬁstrain' (4)

Parameters D and (¢) of the Ag/ZnO NSs were
investigated using modified forms of the WH equa-
tion, such as the uniform deformation model (UDM),
uniform stress deformation model (USDM), and
uniform  deformation energy density model
(UDEDM) [35, 43]. UDM considers the microstrain
linewidth of the XRD peaks resulting from the defects
in the crystal, which can be imperfections [32]. The
variation of the D and (¢) depends on 1/cosf and
tan0, respectively. Moreover, the total linewidth of a
diffraction peak with Miller indices (hkl) is given by
[44]

k2
:Bhkl cosl = E + 4<8> sinf (5)

This model supposes that the strain is uniform in
all directions and consequently supposes that the
crystal has an isotropic nature. Figure 5a illustrates
Pracosl plotted versus 4sinf of Ag/ZnO NSs. The
points were fit fairly to linear function fit with an
average R? of 81.80%. From the fit results, the slope
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represents the (¢), and the y-intercept represents D
value in average. The average D and (¢) that deduced
from the UDM as explained above are listed in
Table 1. It is observed that D and (&) decreases with
the increase in Ag content, associated to the change in
the crystallization of Ag/ZnO NSs [32].

USDM considers the lattice deformation stress
along with all plane directions, which means that
nanostructures have an anisotropic and inhomoge-
neous nature [32, 45-47]. Therefore, WH equations
are modified depending on Hooke’s law, which
states that the stress (o) relates to the microstrain (e},
according to the following relation o = (&) X Y,
where Y}y is elastic Young modulus [47, 48]. Conse-

quently, Eq. (6) was rearranged as [35, 43]
40

kA
cosf) = — + ——sind. 6
Bria D Y, (6)

Moreover, the Young modulus for hexagonal
structure is given by [49, 50]

<h2+(h+2k)2+ <u_01>2>2
3 co

s (172 +@)2 53 (%) 2515 + a0) (12 - (122 ) (s l'

Yo =

where S;; are elastic compliances. According to
Eq. (7), the slope of the linear fit function gives the &
value, while the y-intercept represents the average D
value. Table 1 shows the average D and o that are
estimated from the USDM.

UDEDM considers that the nanostructure has reg-
ular anisotropic nature in all directions due to the
deformation energy density [51]. The energy density
(1) can be related with the strain by u = (¢2)Y/2 [46].
Therefore, the (&) values are reformulated as
(¢) = 04/2u/Y. Substituting by (¢) values into Eq. (7)
[52],

ﬁhkl cost) = % + 40 sian / 2?1/[ (8)

Plotting f3;; cosf against 4sinf(2u/ Y)!/? gives the D
values from the intercept and the ¢ values from the
slope, while the u values calculated from u = (¢2)Y/2
(Fig. 5b). Table 1 shows the average D, g, and u esti-
mated from the UDEDM.

A dislocation is an atomic line imperfection in the
nanostructures due to the existence of internal stres-
ses. Moreover, the dislocation density is considered
the main category of crystalline defects, which
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influences the nanostructure stiffness,

strength,
rigidity, and ductility [53]. The dislocation density
depends on the crystallite size, the formation of the
crystal, and morphological properties. Williamson-—
Smallman equations are used to estimate the dislo-
cation density of the nanostructures as [54]

d=1/D> (9)

The values of dislocation density of the Ag-doped
ZnO NSs according to the crystallite size deduced
from the WH method are listed in Table 1. The §-
value for ZnO NPs is 1.69 x 107! line/cm? and
decreases as Ag content is increased in Ag/ZnO NSs,
indicating the decrease in the imperfections
accordingly.

3.4 Optical properties

The transmittance spectra of pure ZnO NPs have a
sharp increase in the transmittance values from 0 to
88% as an incident photon wavelength increases from
300 to 400 nm, and no changes can be observed in the
range of 400-700 nm (Fig. 6a). The electrons in the
valance band of ZnO NPs required high incident
photon energy (UV-light) to break and transport
them to the conduction bands. Therefore, the ZnO
NPs have high transmittance values between 400 and
700 nm, which means that are no free electrons in the
ZnO structure. Doping ZnO NSs by Ag decreases the
transmittance values in the incident photon wave-
length range of 400-700 nm because the Ag" ions
contain free electrons, which can absorb incident
photons with lower energy and consequently trans-
port them to higher energy (Fig. 6b). Moreover,
shifting the absorption edge to the low energy region
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indicate that the increase in Ag concentrations has
led to decrease the bandgap energy (Fig. 6a).

The extinction coefficient is a factor that represents
the amount of light absorption in the material, cal-
culated by the equation k = a//4m, where « is the
absorption coefficient, given by o=
(1/d)In[(1 — R)/T] [55]. The higher values of the k-
spectra of Ag/ZnO NSs below the incident photon
wavelength of 350 nm are attributed to the absorp-
tion light by electron to transit from valance and
conduction bands. While for incident photon wave-
lengths above 350 nm, the k-values of Ag/ZnO NSs
are low, which means that the Ag-doped ZnO NSs
permit passing the EM photons through the film with
low photons decaying or damping. In addition, the
increase in Ag dopant concentration in ZnO NSs
leads to an increase in the k-values, due to absorbing
incident photons by the free electrons due to the
doping (Fig. 6¢).

The refractive index (n) spectra of Ag/ZnO NSs

were investigated wusing the equation n=

(1+R/1—R)+ \/<4R/(1 - R)Z) — K [55]. The n-

spectra of the ZnO NPs (Fig. 6d) exhibit two behav-
iors the anomalous behavior (250<1<400 nm),
which represents many photon-matter interactions,
such as, photon absorption due to the electronic
transition, and the resonance effect resulting from the
equality of the incident photon frequency and the
plasma frequency [56]. The normal behavior
(400 < 4<700 nm) represents the normal decrease of
the refractive index.
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Fig. 6 a Transmittance, b reflectance, c extinction coefficient,
d refractive index spectra of Ag/ZnO NSs, e bandgap energy and
Urbach energy of Ag-doped ZnO NSs as a function of Ag

Bandgap energies (E,) of Ag/ZnO NSs were cal-
culated by plotting («hv)* versus hv, according to the

Tauc equation (ahv)* = B(hv — E,). In addition, the
substates between the valance (VB) and conduction
(CB) bands resulting from the disorder in Ag/ZnO
NSs were studied using the Urbach energy (Ey) by
the equation o = apexp(hv/E,) [57]. The E, and Ey
values for ZnO NPs are 3.36 eV and 0.16 eV,
respectively. Ag concentration increase into Ag/ZnO
NSs was led to decrease E, and increase Ey values
(Fig. 6e), because of the strong interaction between
the d-element of Ag* ion and s- and p-electrons of
the ZnO. The interchange in sp-d electrons in the Ag/
ZnO NSs generates new energy levels between the
valence and conduction bands due to the disorder in
the nanostructures [34]. This leads to an increase in
localized state density in the mobility bandgap of the
Ag/ZnO NSs [58]. The resulting band structure,
including the Evp, Ecp, bandgap energy, and the
substates were investigated using the ionization
energy and the electron affinity energy, according to
the literature [59, 60]. The schematic diagram of band
structure for Ag-doped ZnO NSs illustrates the

concentration, and f schematic diagram of the band structure for
Ag/ZnO NSs at Ag content of 0, 5, 10, and 20 wt%

decrease in the Ecg, and the increase in the Eyg with
the increase in Ag content supporting the decrease in
E, accordingly(Fig. 6f).

0.8 |- E

Conductivity [uS/cm]
o

0.7 | E

0.6 |- O .

1 1 1 1 1
0 5 10 15 20
Ag concentrations [wt.%]

Fig. 7 Electrical conductivity of Ag/ZnO
concentrations of 0, 5, 10, and 20 wt%

NSs at Ag
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Fig. 8 The conductivity mapping (1 cm x 1 cm) of Ag/ZnO NSs at a 0 wt%, b 5 wt%, ¢ 10 wt%, and d 20 wt%

3.5 Electrical properties

The electrical conductivity in composite films
depends on many parameters, including dopant
type, dopant concentration, and crystallinity degree
of the material [61]. Figure 7 illustrates the electrical
conductivity values for the Ag/ZnO NSs as a func-
tion of Ag concentrations. The electrical conductivity
of the pure ZnO NPs is related to the existence of
carrier density of O- and Zn-polar due to the for-
mation of hydrogen-related shallow donor defects. In
addition, O-vacancies, Zn-interstitials and the
hydrogen-related shallow donor are the origins of the
n-type of undoped ZnO NPs [29]. The electrical
conductivity of the Ag/ZnO NSs increases from 0.60
to 1.10 pS/cm with increasing Ag concentrations up
to 20 wt%. In addition, the conductivity mapping of
ZnO NPs (Fig. 8a) shows a variation of the conduc-
tivity across the film surface, which can be attributed
to the growth process, the quality of the transfer
process, and other parameters. The increase in Ag
content has led to an increase in the variation in the
conductivity across the film surface of Ag/ZnO NSs
(Fig. 8b-d).

4 Conclusions

Doping ZnO NPs with Ag has led to the formation of
Ag/ZnO NSs and to transform the nanostructure
morphological from nanoparticles to nanorods and to
increase the surface hydrophobicity. The resultant
average size after doping was between 30 and 40 nm.

@ Springer

FTIR spectra of Ag/ZnO NSs confirm the presence of
hydrogen-related shallow donors, which binds to the
oxygen vacancy, Ho. The Ho defects are blended to
O- and Zn-polar Ag/ZnO NSs, depending on their
polarity. X-ray diffraction experiments verified that
Ag/ZnO NSs have a polycrystalline hexagonal
structure. The stress and strain deduced from
the Williamson-Hall (WH) method refer to the
hydrogen-related shallow donors in Ag/ZnO NSs
that are bound to the oxygen vacancy, Hp. The elec-
trical conductivity increased from 0.60 to 1.10 pS/cm,
and the bandgap energy decreased from 3.36 to
3.10 eV by increasing the Ag content from 0 wt.% up
to 20 wt.% due to generating new energy levels
between the valence and conduction bands.
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