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The impact of ZnO configuration as an external
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Salinity magnitude changes are a critical factor for determining the chemistry of natural water bodies and
biological processes. Label-free refractive index sensors are promising devices for detecting these
changes. A polymer optical fiber (POF) sensor modified with cladding treatment and a bi-layer zinc
oxide/silver (ZnO/Ag) nanostructure coating to determine sodium chloride concentration changes
through refractive index variations in water is experimentally demonstrated. The use of three ZnO
nanostructure shapes, nanoparticles and horizontally and vertically oriented nanorods, as an external
layer and a broad spectrum light source from the visible (Vis) to the near infrared (NIR) region are
investigated to achieve optimum sensitivity. The rms roughness, optical band-gap and zeta potential (ZP)
value for the vertically oriented sample are 148 nm, 3.19 eV and 5.96 mV, respectively. In the NIR region
the wavelength—intensity sensitivity values of probes coated with ZnO nanoparticles and horizontally and
vertically oriented nanorods are 104 nm RIU™*-12 dB RIU™% 63 nm RIU™*-10 dB RIU™* and 146 nm
RIUT1-22 dB RIU7Y, respectively, and in the Vis area the values are 65 nm RIU™-14 dB RIU™L, 58 nm
RIUT1-11 dB RIU! and 89 nm RIU"1-23 dB RIUL, respectively. The maximum amplitude sensitivity is

Received 9th January 2020 ) . . . )
Accepted 12th March 2020 obtained for the probe coated with vertically aligned ZnO nanorods in the NIR area due to the deeper

penetration of evanescent waves, a higher surface-volume ratio, better crystallinity, more adhesive
DOI: 10.1039/d0ra00243g interactions with salt molecules, larger surface roughness and higher-order dispersion compared to the

rsc.li/rsc-advances other coated ZnO nanostructures.

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

1. Introduction

Optical fiber sensors due to their high sensitivity, easy fabrica-
tion, immunity to electromagnetic interference and micro size
dimension are suitable for a variety of sensing applications.
Predictable changes in the light transmission characteristics of
the fiber, because of alterations in the parameters being
measured are the sensing principles of optical fiber sensors.™?
Silica optical fiber evanescent wave sensors are an example of
large-scale analytical instruments that are used in devices for
incorporating biological recognition elements** and moni-
toring parameters such as a wide range of gases,> pH,”
temperature,® humidity,” ions"* and refractive index."*** This
wide application range is due to its robustness, immunity to
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electromagnetic interference, high sensitivity, high selectivity,
high integration, and potential portability for in situ and online
measurements.”® However, silica optical fiber-based sensors
because of their low tensile strength are brittle; therefore,
sensor manufacturing, connectorization, installing and termi-
nating processes are difficult, especially in harsh environments.
To overcome this problem polymer optical fiber (POF), which
has higher flexibility, higher fracture toughness, and is more
economical is employed for sensor fabrication.'*™ Recently,
nanocoating of fiber probes because of the enhancement of
sensitivity and improvement of the dynamic range, robustness
and lifetime, has inspired a line of research in the field of
optical fiber sensors.”**® These improvements are achieved
because the nanostructure coating can provide additional
mesoporosity, roughness, antibacterial behavior, localized
surface plasmon resonances and quantum confinement effects
to the bare fiber. ZnO and Ag nanolayers as well as their
multilayer combination, due to their multifunctional properties
such as band-gap tailoring, localized surface plasmon reso-
nance effects, electrochemical stability, non-toxicity and suit-
ability for doping are employed to coat the optical fiber
probe.>** An Ag-ZnO nanocomposite coated on POF as an
intensity modulated humidity sensor was reported by Jagtap
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et al. They reported that the sensing mechanism is based on the
adsorption of water molecules on the coated layer surface,
which effectively results in changes in the boundary conditions
due to the surface reactional cladding-guide interface and
increases the beam confinement in the fiber which modulates
the output intensity.”® Therefore, the material selection and
structure configuration of the coated nanostructure play
a crucial role in the sensor performance. To the best of our
knowledge, POFs coated with a bi-layer ZnO/Ag nanostructure
with different shapes of ZnO as the outer layer to detect the
refractive index changes of solution have not been reported
elsewhere. In this paper, a POF probe is fabricated and its
sensitivity against the refractive index gradient of saline solu-
tion is comprehensively investigated using theoretical back-
ground and experimental approaches via a variety of
characterization techniques.

2. Experimental
2.1 Materials

Acetone 99.5%, methanol 99.8%, silver nitrate 98%, ammonia
solution 25%, zinc nitrate hexahydrate 98%, sodium hydroxide
98%, tin(u) chloride 98%, palladium(u) chloride 99%, boron
hydride dimethylamine 98%, hydrochloric acid 37%, zinc
acetate dihydrate 98%, triethylamine 99.5%, isopropyl alcohol
99.5%, hexamethylenetetramine 99.0% and sodium chloride
98% manufactured by Sigma-Aldrich are used without any
further purification. Multimode POF with a diameter of 486 pm
and 14 um for core and cladding, respectively, was purchased
from Jiangxi Daishing POF company. The cladding material is
fluorinated polymethyl methacrylate (PMMA) with a refractive
index of 1.402, and the core is made of PMMA with a refractive
index of 1.492.

2.2. Cladding modification

2.2.1. Partial removing process. According to the penetra-
tion depth of the propagating light, the majority of the cladding
part needs to be removed to boost the sensitivity of the probe.
However, the removing process should not cause damage along
the core/cladding interface that would interrupt the total
internal reflection along the fiber core. Therefore, for control-
ling the removing process, the fiber was immersed in a low
concentration of 40-60% (acetone-methanol) solution at a fixed
temperature of 15 °C to prevent any changes in the etching rate.
According to the dynamic monitoring of the propagating light
intensity, at an appropriate time of 423 s, before the solvent
affects the core and the light intensity drops sharply the fiber
was taken out of the solvent. The fiber was immediately
immersed in deionized water for 30 minutes to remove the
remaining acetone-methanol and prevent further etching. The
small cladding thickness of ~100 nm is retained by this
procedure. Considering the penetration depth equation (eqn
(4)), when the propagating light wavelengths are 770 nm,
940 nm and 1074 nm (three main propagating modes in the
polymer fiber), the penetration depth of the evanescent wave are
240 nm, 293 nm and 335 nm, respectively. If the diameter is less
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than 100 nm, more leaky modes have been incorporated and the
power of light is lost. In contrast, at higher thicknesses
a smaller amount of light is in contact with the coated nano-
structures and the sensitivity decreases. Therefore, an appro-
priate cladding thickness is ~100 nm in which the evanescent
wave can reach the ZnO/Ag nanolayer certainly and enhances
the interaction of the evanescence wave with external media.

2.3. Coating with Ag nanoparticles as an inner layer

The Ag nanoparticles as a first layer are discontinuously
deposited on the partially removed cladding part using an
electroless technique. The sensing part of the POF is immersed
in 20 mL, 0.1 mol L™" AgNO; solution. Then, for surface acti-
vation, Ag is converted to Ag,O by adding 15 drops of
0.2 mol L' NaOH into the solution. After that, 2 mol L™*
ammonia is added slowly to the solution and the glassware is
shaken until the precipitate is dissolved totally. At last, 10%
concentration glucose solution is added and kept in the 70 °C
water bath for 15 min. For a discontinuous Ag coating the fiber
should not remain in the final coating solution for more than
15 min therefore, before this time is over, the probe is taken out
from the solution and further processed for washing and
drying. The FESEM cross section image of the Ag coated probe
in Fig. 1 shows that the remaining cladding and Ag thickness is
~100 nm and ~20 nm, respectively.

2.4. Coating with a different ZnO nanostructure as an outer
layer

The Ag/POF sample is now subjected to the deposition of three
different ZnO nanostructures including nanoparticles and
horizontally and vertically oriented nanorods as an outer layer
(sensing layer) using the electroless method. Before ZnO
deposition processes begin, the inner layer for all samples need
to be activated. The activation process includes: (i) the etching
process with tin(u) chloride which roughens the surface of the
probe and allows catalyst retention in later stages. (ii) Catalyst
treatment using palladium(u) chloride and formation of a tin-

palladium chloride complex on the surface. (iii)

Silver nanofilm

1

“ Partially unclad fiber

Core

Fig. 1 A cross sectional FESEM image of deposited Ag nanoparticles
on a partially unclad POF. The remaining cladding and Ag nanolayer
are shown by arrows and their thicknesses are ~100 nm and ~20 nm,
respectively.
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Fig. 2 A schematic drawing of the experimental setup. The fabricated probe is immersed in saline with different concentrations from 0 to 20%.

The two ends are connected to the light source and OSA.

Decomposition and hydrolysis of the catalyst complex via
rinsing in order to stabilize the palladium(u) and tin(u) on the
surface. (iv) Accelerating treatment by converting the hydro-
lyzed catalyst into the active form, through assisting a surface
redox reaction by sodium hydroxide or triethylamine. (v) Post
accelerating treatment via inducing the active palladium nuclei
by removing the tin(iv) compound through the rinsing process.
After this surface activation procedure, the probe surface is now
ready to adsorb the ZnO nanostructure with different shapes as
explained below one at a time. The Ag-coated part is dipped in
an aqueous sensitization solution of 40 g ™" SnCl, and 20 mL
L' HCI (37% vol) for 30 min. Then samples are rinsed in
distilled water and after that immersed in 0.1 g L™" PdCl, and
20 mL L' HCI (37% vol) as an activation solution at room
temperature for 30 min. The activated layer is formed homo-
geneously when the above two steps are repeated three times.
This sample is then ready for the final step which is the depo-
sition of different ZnO nanostructures one at a time.

The heterostructure sensing probe is fabricated by coating
the ZnO nanoparticles on top of Ag/POF via several processes
depicted below. (i) 2.28 g of zinc nitrate hexahydrate is dissolved
in 75 mL of deionized water at a constant temperature of 70 °C.
(ii) 0.6 g of NaOH in 150 mL of deionized water is added to the
solution drop-wise under magnetic stirring for 30 min and then
the final solution is cooled down. (iii) In order to coat the fiber
with ZnO nanoparticles, fibers are immersed into the above
aqueous deposition solution at 70 °C for 3 h without any stir-
ring. (iv) After rinsing in distilled water and drying under
ambient atmosphere the probe is ready for analysis and testing
and we call it ZnO(NPs)/Ag/POF.

The horizontally oriented ZnO nanorods are deposited on
top of the Ag/POF to fabricate the second sample via the
following steps. (i) Dissolving the 0.6 g zinc nitrate in 100 mL
water and stirring for 30 min. (ii) Dissolving 0.16 g of NaOH in
150 mL of deionized water. (iii) Adding solution (ii) to (i) under
stirring until the pH of the mixed solution reaches 8.3. (iv)
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Heating the mixed solution in a micro-oven for 10 min. (v)
Cooling at room temperature and centrifuging at 4000 rpm for
10 min. (vi) Rinsing in distilled water. (vii) Immersing the fibers’
probe part in the above prepared aqueous deposition solution
which contains the ZnO nanorods under an ambient tempera-
ture of 70 °C for 3 h without any stirring. (viii) Finally, washing
and drying the fiber probe. The sample name is ZnO(NRH)/Ag/
POF.

Coating the vertically aligned ZnO nanorods on Ag/POF
includes three steps of preparation of seed solution, prepara-
tion of growth solution and growth of nanorods on the fiber
surface. For seed solution synthesis: (i) a 100 mM solution of
zinc acetate dehydrate is prepared in 50.0 mL of isopropyl
alcohol and then stirred vigorously at 70 °C for 15 min. (ii) 700
pL of 5.0 mmol triethylamine is added and stirred at 70 °C for
another 10 min. (iii) This seed solution is cooled to room
temperature and protected without stirring for 3 h. For the
growth solution synthesis, (i) the amount of 7.71 g hexameth-
ylenetetramine is dissolved in 550 mL of DI water. (ii) At the
same time, 16.4 g of zinc nitrate hexahydrate is dissolved in
500 mL of DI water separately. (iii) These two solutions are
mixed and stirred for 24 h at room temperature. For the
nanorods growing on the surface of the prepared probe: (i) the
Ag/POF sample is dip-coated in the seed solution for 2 h then
dried at 70 °C. (ii) The sample is suspended in the growth
solution and placed in the oven at 70 °C for 3 h. (iii) The sample
cools down to room temperature, is thoroughly rinsed with DI
water, and allowed to air-dry. The fabricated sample name is
ZnO(NRV)/Ag/POF.

2.5. Sensor operation setup and its characterization

Fig. 2 shows the schematic diagram of the experiment setup. As
shown in this figure, the light source is launched into one of the
input ports, and an optical spectral analyzer is used to detect the
light signals at the output ends. The salt-water solutions with
different volume concentrations (different refractive index) are

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 FESEM-EDX analysis. Cross sectional FESEM micrographs, EDX spectra and elemental mapping of (a and b) ZnO(NPs)/Ag/POF, (c and d)
ZnO(NRH)/Ag/POF and (e and f) ZnO(NRV)/Ag/POF samples. The insets show corresponding top-view FESEM images.

prepared as the measured external liquids. The refractive index
of the solutions is measured by an Abbe refractometer and
labeled by the equation n = 0.001C + 1.333, where C is the
volume concentration of the saline at room temperature.

The growth morphology and structure of the probes are
characterized using a field emission scanning electron micro-
scope (FESEM, JEOLJSM 6380LA) attached to an energy
dispersive X-ray spectrometer (EDX), AFM (SPI3800) built by
Seiko Instrument Inc. (SII) and XRD (Bruker D8 Advance
Diffractometer) using Cu-Ko, radiations (1.540 A) at 40 kv and
100 mA. The scanning range of 26 is from 20° to 80°. The optical
behavior of samples including photoluminescence and
absorption is studied by room temperature photoluminescence
(PerkinElmer LS 55 Luminescence Spectrometer) using a xenon
flash lamp under a 334 nm excitation wavelength and LAMBDA
1050 UV-VIS/NIR spectrophotometers. For determining the

This journal is © The Royal Society of Chemistry 2020

surface charges, the Zetasizer NanoZS instrument (Malvern
Instruments Ltd., United Kingdom) is employed. Thorlabs'
Stabilized Light Sources with a wavelength range of 360-
2600 nm and an optical spectrum analyzer (OSA) (Yokogawa
AQ6374) are used as the light source and detector, respectively.

3. Results and discussion

3.1. Structure and morphology study of the probe

The bi-layer ZnO/Ag coated on partially unclad POFs is analyzed
using FESEM and the cross-section and top-view images are
depicted in Fig. 3. The homogeneous formation of ZnO nano-
particle, ZnO horizontal nanorod and ZnO vertical nanorod
samples ZnO(NPs)/Ag/POF, ZnO(NRH)/Ag/POF and ZnO(NRV)/
Ag/POF, respectively, is confirmed by the FESEM images.
Image] software is used for scaling the size distribution of the

RSC Adv, 2020, 10, 12864-12875 | 12867



RSC Advances

Paper

30 - 30
25 Average Size =38 nm 201 Average Size = 546 nm 25| Average Size =63 nm
- b |
£ 20 @ | g ® 1 20 ©
8 15 §1o 315 \
10 5 10
0 a0 e 0520 540 560 BT S
20 40 60 80 40 60 80 100
Particle size (nm) length (nm) Width (nm)
12 Average Size = 689 nm 12 Average Size = 83 nm
=9 @ | €9
= 3
36 O 6
3 3
0 LELELED 0 ‘ :
660 680 700 720 60 80 100
length (nm) Width (nm)

Fig. 4 Histograms of ZnO nanostructure size distributions determined with ImageJ software: (a) nanoparticles, (b and c¢) horizontally oriented
nanorods, and (d and e) vertically oriented nanorods. The size distribution is determined by measuring a sample consisting of 160 ZnO nano-

particles, 130 horizontal nanorods, and 70 vertical nanorods.
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Fig. 5 The XRD patterns of the ZnO nanostructures deposited on the
Ag/polymer substrate. The peaks observed at 26 values of 31.7°, 34.4°,
36.2°, 47.5°, 56.6°,62.8°, 66.5°, 69.2° and 75.8° match perfectly with
the (100), (002), (101), (102), (110), (103), (112), (201) and (202) crystalline
planes of the hexagonal wurtzite structure of ZnO reported in JCPDS:
36-1451 with lattice parameters of a = b = 3.250 A and ¢ = 5.207 A.

ZnO nanoparticles and nanorods and the diagram is shown as
a bar chart in Fig. 4. The average nanoparticles size is ~38 nm.
The width/length of the horizontally and vertically oriented
nanorods are ~63/546 nm and ~83/689 nm, respectively. The
EDX spectra shown in Fig. 3(b, d and f) represent the qualitative

12868 | RSC Adv, 2020, 10, 12864-12875

and quantitative elemental analysis of sensors and demon-
strates that no obvious chemical reactions or element migration
between layers occurred during the fabrication of the sensors.
The presence of C, O, Zn and Ag depicts the formation of bi-
layer ZnO/Ag on top of partially unclad POF.

The XRD patterns of the ZnO nanostructures coated on the
Ag/polymer substrate are shown in Fig. 5 and they indicate that
ZnO has a hexagonal unit cell structure. The peaks at 20 = 31.7°,
34.4° 36.2°, 47.5°, 56.6°, 62.8°, 66.5°, 69.2° and 75.8° are asso-
ciated to lattice planes of (100), (002), (101), (102), (110), (103),
(112), (201) and (202), respectively, and are in good agreement
with the standard JCPDS card no. 36-1451. In each individual
sample, the intensities of the diffraction peaks are varied, which
indicate the anisotropic growth of ZnO in various planes
(directions). It is observed that the full width at half maximum
(FWHM) of the reflection peaks increases going from the
ZnO(NRV) to the ZnO(NPs) sample. This broadening of the
peaks for the ZnO nanoparticles coated sample may be due to
the lattice mismatch, lattice distortion and strain presented in
the nanoparticles as well as its smaller crystal size. Although all
the reflections vary with changing the ZnO nanostructure
shape, the most notable change is observed for the (002) peak,
for the ZnO(NRV) sample this peak is more intense, indicating
growth along the polar c-axis of ZnO perpendicular to the
substrate. The small signal at 260 = 38° is assignable to the Ag
(111) plane corresponding to the Ag nanofilm deposited under
the ZnO nanostructure. The wurtzite structure of the ZnO
nanorods has two types of crystal planes including the polar
(001) plane, and no central symmetry such as (101) and (100).
The crystal planes with greater surface energy have a faster
growth rate, as a result, the growth rate of the planes in the [001]
direction is more than that of the planes in the [100] direction.
Therefore, the (002) diffraction peak in the XRD patterns was
dominant for the ZnO nanorods grown vertically. Strong and
sharp ZnO (002) peaks of the ZnO nanorods were observed,
indicating that the aligned ZnO nanorods were preferentially

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 AFM topographic 3D images of ZnO (a) nanoparticles, (b) horizontal nanorods, and (c) vertical nanorods deposited on Ag/POF.

fabricated along the c-axis of the hexagonal wurtzite structure
and perpendicular to the substrates.

Fig. 6 displays the 3D AFM topographic images of the
samples. The grain size of the nanoparticles extracted from the
figure is ~48 nm and for the vertical nanorods, the width and
height are measured to be ~87 nm and 694 nm, respectively.
The orientation and sizes of the horizontally aligned nanorods
are difficult to define solely from the AFM measurements. The
rms roughness extracted from AFM is 39 nm, 52 nm and 148 nm
for the ZnO(NPs)/Ag/POF, ZnO(NRH)/Ag/POF and ZnO(NRV)/Ag/
POF samples, respectively. The sample with vertically aligned
nanorods exhibits a larger surface roughness compared to
others which indicates that this sample has a higher surface/
volume ratio as compared to the other ZnO nanostructures.

Zeta potential (ZP) analysis is carried out to study the charge
accumulation on the ZnO nanostructure surface and their
complexation with other media constituents and the results are
tabulated in Table 1. Data reported from the ZP for all samples

shows that with increasing saline concentration, the absolute
value of the zeta potential increases, which indicates accelera-
tion of the sedimentation and the existence of more CI™ on the
surface of the ZnO nanostructure. When an ionic compound
such as sodium chloride dissolves in water, the solution
contains sodium ions (Na") and chloride ions (C1~). Each ion of
the sodium chloride crystal becomes surrounded by water
molecules, with the negative end of the water molecules
approaching closest to the positive sodium ions, and the posi-
tive end of the water molecules surrounding the negative
chloride ions. The water molecules pull these ions, one by one,
away from the rest of the crystal. By introducing an individual
ion into the bulk water, some of the hydrogen bonds (H-bonds)
between the water molecules are broken and consequently the
water molecules around the ions reoriented. Formation of the
hydrated ion pairs or larger ion clusters (C1™) results in further
breaking of H-bonds.*® Small ions (for example Na*) have high
charge densities resulting in strong electrostatic ordering of

Table 1 Zeta potential values of ZnO nanostructures deposited on the Ag/polymer substrate as a function of saline concentration

ZnO(NPs)/Ag/POF ZnO(NRH)/Ag/POF ZnO(NPV)/Ag/POF
Salinity (%) (mv) (mv) (mv)
Distilled water 2.38 0.43 5.96
5% —2.43 —0.57 —9.85
10% —3.59 —1.00 —11.02
15% —4.65 —1.90 —13.58
20% —6.60 —1.67 —15.84

This journal is © The Royal Society of Chemistry 2020
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nearby waters, breaking hydrogen bonds. In contrast, large ions
(CI") have low charge densities and surrounding water mole-
cules are largely hydrogen bonded and less hydrogen bonds are
broken by them. Therefore, a higher freedom level for Cl™ is
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expected in the solution.** By increasing the saline concentra-
tion, a higher availability of Cl~ in the solution than Na* causes
them to easily move to the ZnO nanostructure surface and
interact with them.

The absolute amount of ZP is higher for the ZnO(NRV)/Ag/
POF sample either in zero percent salinity (distilled water) or
in saline solution. The structure of ZnO can be described as
a number of alternating planes composed of tetrahedrally
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axis causing spontaneous polarization along the c-axis. Thus, in
vertically oriented ZnO nanorods the positive charge distribu-
tion near the surface is higher than the horizontally oriented
one therefore, its ZP is higher when immersed in distilled water.
A higher amount of surface charge and functional groups
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aggregated ZnO molecules for the vertically oriented nanorod
sample (see schematic diagram in Fig. 7) are responsible for the
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3.2 Optical characteristics of the bi-layer ZnO/Ag/polymer

The optical behavior of the deposited ZnO/Ag/polymer substrate
was studied by photoluminescence (PL) spectroscopy at room
temperature and the results are shown in Fig. 8. Various shapes
of the ZnO nanostructures including nanoparticles and nano-
rods exhibit two distinguishable luminescence signals.
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Fig. 11 Transmission spectra of (a) ZNO(NPs)/Ag/POF, (b) ZnO(NRH)/Ag/POF and (c) ZnO(NRV)/Ag/POF fiber probes as a function of saline
concentration. The insets show the Gaussian smoothed propagating mode centered at a wavelength of 770 nm.
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Fig.12 The wavelength and intensity changes as a function of refractive index in the propagating mode centered at a wavelength of 1072 nm for

all samples.

Emission at a short wavelength band, which is near to the
absorption edge of the crystal known as near band edge (NBE)
and a broad long-wavelength emission, centered at the green
spectral range known as deep level emission (DL) are observed
(Fig. 8). The NBE luminescence maximum has an excitonic
nature and is located at ~3.45 eV, ~3.23 eV and ~3.19 eV for the
ZnO(NPs)/Ag/polymer, ZnO(NRH)/Ag/polymer and ZnO(NRV)/
Ag/polymer samples, respectively. The NBE emission is altered
when the ZnO configuration changes which is attributed to
residual stress/strain caused by morphology and size dependent
structural imperfections of the ZnO crystals. The electrons
confine at different nano-scale dimensions and the band gap
modifies due to the quantum confinement effect. For the green
luminescence the convolution of the following luminescence
emissions is responsible: (1) zinc vacancies (VZn), (2) oxygen
vacancies (VO), (3) interstitial zinc ions (Zni), (4) oxygen anti-
sites (OZn), and (5) transitions of electrons from Zni to VZn.
Various centers may be involved in the green luminescence
simultaneously because of imperfections of the ZnO crystals,
the instability of certain point defects, and the variety of their
forms.

Increasing the saline concentration leads to the occurrence
of a blue shift of ~5 nm, ~10 nm and ~17 nm in deep level
emission for the ZnO(NRH), ZnO(NPs), ZnO(NRV) samples,
respectively. Electrons transferring to the deep energy level of
the ZnO from the attached Cl™ ions to the ZnO surface mole-
cules are the origin of this blue shift. The formation of a thick
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depletion layer on the ZnO surface is due to the oxygen vacan-
cies created on the surface of the ZnO nanostructure induced by
dissolved oxygen in distilled water as can be seen in the sche-
matic diagram in Fig. 9. As mentioned in the ZP analysis,
a higher adsorption of ClI” on the ZnO surface from the
surrounding environment takes place in a higher saline
concentration solution and this modifies the depletion layer
(see Fig. 9). Increasing the salinity decreases the depletion layer
thickness because of the introduction of more CI™ ions and
reducing the dissolved oxygen in the solution results in easier
migration of electrons to the conduction band of the ZnO and
alters the band gap. As explained earlier the ZP is higher for
ZnO(NRV) samples therefore, a higher number of electrons
from negative ions move to deeper energy levels compared to
ZnO(NRH) and agglomerated ZnO(NPs), consequently the band
gap changes and is higher for the ZnO(NRV) sample.

The crystallinity level of the sample directly affects the ratio
of NBE/DL. The PL spectrum of the ZnO nanoparticles exhibits
stronger green emission compared to other nanostructures (the
ZnO(NRV) and ZnO(NRH) samples). The lower structural
defects in the larger sized crystal are responsible for this
observation. The lower visible deep-level emission from the
vertically oriented ZnO nanorods compared to other samples
represents the defect-free and high quality formation of ZnO
nanorods. This observation is consistent with the XRD spectra

(Fig. 5).
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Fig. 13 The (a) wavelength and (b) intensity changes of samples in the three main propagating modes.
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The refractive index of the ZnO layer changes when its band
gap is modified and this relationship was extracted from theory
and experiment simultaneously and reported in our earlier
research in which it was shown that by increasing the band gap
the refractive index of ZnO exponentially decreases.* Transfer
of electrons to the ZnO energy bond occurred from two groups
of electrons, first, the ZnO-saline interface electrons which were
explained earlier and second, the electrons collected in the
ZnO-Ag interface. Under irradiation of incident light with
a wavelength larger than the particle size, the high-density
electrons of the Ag nanoparticles form an electron cloud and
oscillate. These electrons accumulated at the interface of Ag and
ZnO and easily transfer to the downward band bending of the
ZnO side and alter the band-gap of ZnO.

The absorbance spectra of saline with a variety of concen-
trations at the visible and IR regions are shown in Fig. 10. The
dashed lines at 770, 940 and 1072 wavelengths are selected
based on the absorbance of saline at three propagating main
modes as presented in Fig. 11. In both regions increasing the
salinity decreases the absorption as can be seen in the table
inset in Fig. 10. By dissolving the ions in water and changing
their structure, intermolecular and intramolecular interactions
within the water molecule happened which consequently
influenced the absorption spectrum. When a large quantity of
salt was added to the water, the molecular concentration of
water decreased. Na* and Cl~ ions decrease the average number
of hydrogen bonds, reducing the absorption. Intramolecular
vibrations are also dampened by the presence of salt in water,
which leads to the formation of more structurally arranged
water molecules with less freedom of the H-O-H angle.
Therefore, the bending vibrations are reduced. Moreover, the
length of the O-H bond is stricter because of the interactions
with the ions in solution and both the symmetric and asym-
metric vibrations are reduced. This hindering of the vibrations
reduces the absorption bands therefore, increasing the amount
of salt in water leads to a reduction in the absorption harmonics
present in the near infrared and visible range. The higher
absorption in the IR region compared to visible light is attrib-
uted to the stronger water absorption band harmonic in the IR
wavelength.

3.3 Sensing performance

Fig. 11 displays the original emission spectra of the light
passing through the probes together with the wavelength and
intensity changes occurring in the main mode centered at
1072 nm wavelength. The spectra for all three main mode
regions show intensity and wavelength modulation, when the
probe is surrounded by saline with a variety of concentrations.
However, the changes in intensity and wavelength for the
sample ZnO(NRV)/Ag/POF are more prominent compared to the
other samples. This greater sensitivity for the vertically depos-
ited ZnO nanorods (ZnO(NRV)/Ag/POF) is clearly depicted in
Fig. 11. This superior performance originates from several
features: first, the larger surface area and higher average
dispersion relation which is illustrated in the FESEM images
together with the schematic diagram in Fig. 7; second, the

This journal is © The Royal Society of Chemistry 2020
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better crystallinity as shown by the XRD pattern; third, the
larger surface roughness revealed with AFM topographic
images; and finally, the better adhesion and interactions with
saline molecules as confirmed by the ZP analysis. Once visible
light propagates in the probe a weak drop in the spectra at
730 nm appeared in the spectra which is associated with the
localized surface plasmon of the Ag nanoparticles. When the Ag
NPs are irradiated by evanescent electromagnetic waves in the
visible frequency their surface free electrons start oscillating.
This phenomenon enhances the light trapping of propagating
light and appears as a noise-like shape in the spectra (shown by
the arrow in Fig. 11).

The trend of intensity and wavelength modulation of trans-
mitted light for all samples follows a similar pattern in which by
increasing the saline concentration from 0 to 20% the intensity
diminishes and the wavelength becomes blue-shifted. Fig. 12
displays the modulation of light intensity for the three different
samples while they are exposed to different saline concentra-
tions as external surrounding media. By increasing the saline
concentration from 0 to 20% the intensity for the ZnO(NPs)/Ag/
POF, ZnO(NRH)/Ag/POF and ZnO(NRV)/Ag/POF samples drop-
ped to 87%, 90% and 73% of their maximum value, respectively.
Two phenomena are responsible for this intensity modulation,
first, the interference of the core mode and reflected light from
the ZnO layer (cladding mode) with different refractive indices
and second, the varying of the evanescent wave transmittance
by saline when the sensor is immersed in different saline
concentrations. Maximum wavelength shifts of ~3.6 nm,
~2.2 nm and ~5.2 nm are observed at 1072 nm wavelength for
the samples ZnO(NPs)/Ag/POF, ZnO(NRH)/Ag/POF and
ZnO(NRV)/Ag/POF, respectively.

According to the two-beam optical interference equation,®
the difference between the effective refractive indices of the core
and cladding modes (An.g) are described as follows:

core clad
Anere = nggy . — Ngpr (1)

The
2T LA o5

max transmission appears when

+ ¢, = 2mT + ¢, (m is an integer). Consequently, the
transmission spectra reveal an intense peak at wavelengths
given by:

o LAneff
oom

Am (2)

When the refractive index of the ZnO layer changes by
exposure to different saline concentrations, the 124 and AA,
are both changed. The wavelength m order shift (A4,,) in the

interference spectrum can be written as:

(Angr +An)L  AngL  AnL
m m  om

AX, =

(3)

where An is the difference between the refractive index of ZnO

and the cladding. It can be seen that the shift of the trans-

mission spectra is a function of An. The two parameters of I,
cla

and nS3? are variable when the probe is exposed to different
saline concentration. By increasing the refractive index of ZnO
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due to exposure to higher refractive indices of saline the
nS2d decreases and as a results according to eqn (1) Angg is
increased and thus the intensity shrinks.

When extreme sensitivity is required, the sensitivity factor
becomes an important parameter of sensor performance.
Fig. 13 illustrates the wavelength and intensity variation of
samples at three propagating main modes as shown in Fig. 11.
As can be seen in Fig. 13 altering the intensity and wavelength at
higher wavelengths is more distinguishable. This is because
light with higher wavelengths can penetrate more deeply from
the core to the other top layer material according to the
following equation.*

A

N NIV

. Jad

2Tt Heore (sm2 6 — (—“ ) )
nCOrC

where A is the wavelength of the light source, 6 is the incident
angle of light, and #n¢ore and n.,q are the refractive index of the
core and cladding, respectively. The penetration depth for
770 nm, 940 nm and 1074 nm wavelengths is found to be
240 nm, 293 nm and 335 nm, respectively. The vertically aligned
ZnO nanorods (ZnO(NRV)/Ag/POF) at 1072 nm wavelength show
a much better wavelength sensitivity of 146.2 nm RIU " and
intensity sensitivity of 22.8 dB RIU™" than the other samples.

d, = (4)

4. Conclusions

In order to detect saline concentration changes in water solu-
tion, an intrinsic POF probe is fabricated via cladding treatment
involving an initial partial uncladding process followed by the
deposition of a ZnO/Ag nanolayer with different shapes of ZnO
nanostructure on top. The light output of an optical fiber probe
is shown to be a sensitive indicator of the refractive index which
is linked to the saline concentration when the sensor is
immersed in an external liquid. The characteristics of the fiber
probe, such as crystallinity, surface morphology, optical band-
gap, absorption and zeta potential, as a function of the ZnO
nanostructure shape and saline concentration are investigated.
We conclude that these sensors are capable of detecting any
changes in the refractive index in the range of 1.333 to 1.368,
and the maximum intensity and wavelength sensitivity are
22.85 dB RIU " and 146.28 nm RIU ', respectively, for the ZnO
vertical nanorod deposited sample in the main propagated
mode centered at a 1072 nm wavelength. The highly sensitive,
flexible and miniaturized features of our fabricated POF probe
suggest that it could be employed for some applications where
the accurate detection of saline concentration changes is
required and bulk refractometers are inconvenient to use.
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