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Abstract
The oil concentration as a petroleum quality parameter is an eternal mystery that determines the oil value. We report 
detection of crude oil refractive index (RI) changes by modified polymer optical fiber (POF) sensor which is prepared via 
removing the majority of cladding part until ~ 100 nm thickness remains followed by the deposition of discontinuous silver 
(Ag) nanofilm as an inner layer (~ 20 nm thicknesses) and coating with different shapes of zinc oxide (ZnO) nanostructures 
including nanoparticles and horizontally and vertically oriented nanorods as an outer layer. Upon conversion from ZnO 
nanoparticles to vertically oriented ZnO nanorods, the rms roughness, optical band gap, and light transmittance are varied 
from ~ 23 to ~ 346 nm, ~ 3.45 to ~ 3.20 eV, and 31 to 27%, respectively. The higher sensing performance is obtained for the 
probe coated with vertically aligned ZnO nanorods at near-infrared wavelength and the value for intensity and wavelength 
sensitivity are 38 dB/RIU and 78 nm/RIU, respectively. This superior performance is originated from deep penetration of 
evanescent wave, high surface volume ratio, good crystallinity, adhesive interaction with crude oil molecules, large surface 
roughness, and high-order dispersion.

1  Introduction

Sensing the RI as a distinctive feature of material plays a 
predominant role in petroleum industry [1], biochemical 
analysis [2], agricultural industry [3], environment pollu-
tion monitoring [4] and so on. Optical fiber RI sensors are 
attractive to use in a variety of applications due to immunity 
to electromagnetic interference, compact size, and remote 
sensing ability. Recently, RI sensors based on tilted fiber 
Bragg gratings [5], long period fiber gratings [6], and multi-
mode interference [7, 8] are fabricated using glass optical 
fiber. POF sensors are commercial promising device for liq-
uid RI detection due to greater flexibility, easier handling, 

operation in visible region and, lower cost compared to the 
glass optical fiber sensors [9]. For improving the RI sen-
sitivity, the fiber has been structurally modified by a vari-
ety of techniques such as tapering [10–12],side polishing 
[13–15], making a hole [16–18], etching [19, 20], and coat-
ing [21–23].

Polymer optical fiber (POF) modified with in-line sub-
millimeter hole fabricated by micro-drilling directly has 
been proposed as a compact RI sensor by Shin and Park in 
which the hole behaves as concave lens. If the hole is filled 
with a liquid having lower RI than the core, transmittance 
intensity increases as a function of RI. They reported that 
decreasing the RI of liquid from 1.5 to 1 leads to a drop in 
transmission intensity to 65% of its maximum amount [24]. 
Generally, POF are multi-mode and the sensors fabricated 
via this optical fiber are classified as intensity modulation 
schemes. However, wavelength modulation of POF sensors 
is possible by modifying the sensor via coating. Recently, 
we have demonstrated a partially unclad type of POF sensor 
with the ability to detect RI changes in which the cladding 
diameter is reduced up to ~ 100 nm by etching technique. 
The maximum sensitivity of ~ 9.1 dB/RIU and ~ 24.2 dB/RIU 
is achieved for saline and crude oil solution, respectively. 
There is no shift observed for transmission wavelength [25]. 
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Bi-layer coating of gold and microposit S1813 film using 
sputtering method and dip coating technique, respectively, 
on PMMA polymer optical fiber is proposed by Cennamo 
et al. to detect the RI changes of the liquid ranges from 1.332 
to 1.354 through measuring the wavelength changes [26].

The reported technique for fabrication of partially unclad 
POF combined with heterostructure deposition of different 
shape ZnO/Ag film to prepare POF sensors in the current 
research proposes a novel approach for detecting the crude 
oil RI gradient at room temperature. Meanwhile, by choos-
ing proper coating configuration, the sensitivity of the opti-
cal fiber probe can be improved. Therefore, after fabrication 
of different POF probes via changing the top layer of nano-
structure configuration, the sensors are subjected to a variety 
of characterization techniques to investigate their structure, 
morphology, and performance.

2 � Experimental

2.1 � Materials

The hydrofluoric acid 49%, silver nitrate 98%, ammonia 
solution 25%, zinc nitrate hexahydrate 98%, sodium hydrox-
ide 98%, tin(II) chloride 98%, palladium(II) chloride 99%, 
boron hydride dimethylamine 98%, hydrochloric acid 37%, 
Zinc acetate dihydrate 98%, triethylamine 99.5%, isopropyl 
alcohol 99.5%, and hexamethylenetetramine 99.0% manu-
factured by Sigma-Aldrich are used without any further 
impurity. Malaysia, Miri crude oil with lightness of 43–45° 
API and sulfur content of 0.04% are used. Multimode POF 
having core and cladding diameter of 486 µm and 14 µm, 
respectively, purchased from Jiangxi Daishing POF com-
pany is used. The cladding material is fluorinated polyme-
thyl methacrylate (PMMA) with RI of 1.402, and the core is 
made of PMMA with RI of 1.492. Glass slides with dimen-
sion size of 10 mm × 10 mm are used as substrate for PL 
and UV–VIS/NIR transmission analysis. Glass substrate is 
employed here because the optical behavior of outer layer 
which is investigated in this paper is not affected by the sub-
strate and its probable minor effect is deniable.

2.2 � Cladding treatment

2.2.1 � Removing process

According to the penetration depth of the propagating light, 
majority of cladding part needs to be removed to boost the 
sensitivity of the probe. However, removing process should 
not cause damage along the core/cladding interface and 
disturb a total internal reflection of light through the fiber. 
Therefore, online monitoring record on transmission inten-
sity is carried out during the removing process via etching in 

40/60 acetone/methanol solution. This mechanism is exten-
sively explained in our earlier research [25].

2.3 � Discontinuous Ag nanoparticles coating

The Ag nanoparticles as an inner layer is discontinuously 
deposited on partially removed cladding polymer opti-
cal fiber (Ag/POF) by electroless technique. The partially 
removed cladding area of the fiber is immersed into 20 ml, 
0.1 mol/l AgNO3 solution. Then, Ag is converted to Ag2O to 
activate the surface by adding 15 drops of 0.2 mol/l NaOH 
into the solution. After that, 2 mol/l of 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 
glassware for 15 min. For discontinuous Ag coating, the 
fiber should not be kept in the final coating solution more 
than 15 min; therefore, before this time, probe is taken out 
from solution and is further proceeded for washing and 
drying.

2.4 � ZnO nanoparticles and nanorods coating

The Ag/POF samples are now subjected for deposition of 
three different ZnO nanostructures including nanoparticles 
and horizontally and vertically oriented nanorods as an outer 
layer (sensing layer) using electroless method. Before ZnO 
deposition processes begin, the inner layer for all samples 
need to be activated. Activation process is explained as fol-
lows: the Ag-coated part is dipped in aqueous sensitization 
solutions of 40 g/l SnCl2 and 20 ml/l HCl (37% vol.) for 
30 min. Then samples are rinsed in distilled water and after 
that immersed in 0.1 g/l PdCl2 and 20 ml/l HCl (37% vol.) as 
an activation solution at room temperature for 30 min. The 
activated layer is formed homogeneously when the above 
two steps are repeated for three times. This sample is then 
ready for final step which is the deposition of different ZnO 
nanostructures one at a time.

The heterostructure sensing probe is fabricated by coat-
ing the ZnO nanoparticles on top of the prepared Ag/POF 
as follows: (i) 2.28 g of zinc nitrate hexahydrate is dis-
solved in 75 ml of deionized water at constant temperature 
of 70 °C. (ii) 0.6 g of NaOH in 150 ml of deionized water 
is added to solution, dropwise 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 stirring. (iv) After rinsing in dis-
tilled water and drying under the ambient atmosphere, the 
probe ZnO(nanoparticles)/Ag/POF which is called as sample 
N is ready for analysis and testing.

The horizontally oriented ZnO nanorods are deposited 
on the top of the Ag/POF to fabricate second sample as 
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follows: (i) Solving 0.6 g of zinc nitrate in 100 ml water 
and stirring for 30 min. (ii) Solving 0.16 g of NaOH in 
150 ml of deionized water. (iii) Adding the solution ii to i 
under stirring until pH of mix solution reaches to 8.3. (iv) 
Heating the mix solution in micro-oven for 10 min. (v) 
Cooling at room temperature and centrifuging at 4000 rpm 
for 10 min. (vi) Rinsing in distilled water and finally, (vii) 
Immersing the fibers probe part into the above-prepared 
aqueous deposition solution which contain the ZnO 
nanorods under ambient temperature of 70 °C for 3 h with-
out any stirring. (viii) Washing and drying the fiber probe. 
Consequently, bi-layer-coated ZnO(horizontally oriented 
nanorods)/Ag/POF is completed and the sample name is 
H.

Coating the vertically aligned ZnO nanorods on Ag/
POF includes three steps: preparation of seed solution, 
preparation of growth solution, and growth of nanorods 
on fiber surface. For seed solution synthesis, the follow-
ing steps are followed: (i) 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 μl 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 
growth solution synthesis, (i) the amount of 7.71 g hexa-
methylenetetramine is dissolved in 550 ml of DI water. At 
the same time, 16.4 g of zinc nitrate hexahydrate is dis-
solved in 500 ml of DI water separately. These two solu-
tions are mixed and stirred for 24 h at room temperature. 
For nanorods growing on the surface of prepared probe, 
the Ag/POF sample is dip coated in seed solution for 
2 h and then dried at 70 °C. The sample is suspended in 
growth solution placed in oven at 70 °C for 3 h. The sam-
ple is cooled down to room temperature, thoroughly rinsed 
with DI water, and allowed to air dry. The fabricated sam-
ple configuration is ZnO(vertically oriented nanorods)/Ag/
POF which is called sample V.

2.5 � Experimental setup and characterization 
of fiber probe

A schematic diagram of the experimental setup is shown 
in Fig.  1. As shown in the figure, the light source is 
launched into one of the input ports, and optical spec-
tral analyzer is used to detect the light signals at the out-
put ends. The crude oil–hexane solutions with different 
volume concentrations (different RI) are prepared as the 
measurand liquids. The RI of the solutions are measured 
by an Abbe refractometer and labeled by the equation 
n = 1.377 + 0.001C, where C is the volume concentration 
of the crude oil at room temperature.

The growth morphology and structure of the probes 
are characterized using field emission scanning elec-
tron microscope (FESEM, JEOLJSM 6380LA) attached 
with an energy dispersive X-ray spectrometer (EDX), 
AFM (SPI3800) built by Seiko Instrument Inc.(SII), and 
XRD (BrukerD8Advance Diffractometer) using Cu-Kα1 
radiations (1.540 Å) at 40 kV and 100 mA. The scanning 
range of 2θ is from 20° to 80°. For achieving high-quality 
cross-section FESEM of probe, the sample is preferably 
dipped into liquid nitrogen, frozen before breaking, and 
then cut or directly bent and broken. The optical behavior 
of samples including photoluminescence, absorption, and 
transmission are studied by room temperature photolumi-
nescence (PerkinElmerLs 55 Luminescence Spectrometer) 
using a xenon flash lamp under 332 nm excitation wave-
length and LAMBDA 1050 UV–VIS/NIR spectropho-
tometers. A Thorlabs’ Stabilized Light Source having the 
wavelength ranging from 360 to 2600 nm is used as a light 
source. An optical spectrum analyzer (OSA) (Yokogawa 
AQ6374) is employed as a light detector. Furthermore, it is 
used to measure the absorption of crude oil–hexane solu-
tions which is carried out using the quartz cuvette holder 
with two matched empty cuvettes (i.e., filled with air) for 
100% transmittance as a zero/baseline correction for all 
scans.

Fig. 1   Schematic representation 
of the crude oil concentration 
sensing element formed by 
ZnO/Ag bi-layer deposition. 
Real image of immersed fiber 
probes in crude oil solutions 
having different concentrations 
is depicted in the figure
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3 � Results and discussion

The morphology and bi-layer formation of Ag/ZnO having 
different top layer configuration deposited on POF is inves-
tigated using FESEM and both top view and cross-section 
images are depicted in Fig. 2. It can be observed that the 
ZnO top layer includes spherical shape nanoparticles (3c), 
horizontally aligned nanorods (3f), and vertically oriented 
nanorods configuration (3i). Ag as a first layer-coated 
material has ~ 20 nm thickness which is clearly shown in 
Fig. 2a. The thickness of ZnO-deposited layer consistent 
of nanoparticles and that of horizontally and vertically 
oriented nanorods are ~ 150 nm, ~ 100 nm, and ~ 680 nm 
, respectively. To check the formation and purity of ZnO/
Ag/POF, the EDX analysis is employed and the spectra 
for selected area are depicted in Fig. 2c, f, i. The presence 
of Zn, O, and Ag confirms the formation of bi-layer on 
top of POF. The existence of carbon (C) signal is referred 
to double-side type used for attaching the sample to the 
holder. The EDX spectra are conducted for selected area 

in top view of the sample; therefore, missing the strong 
carbon signal confirm the homogeneous and full distri-
bution of element on top of POF. The analyzing particle 
tool (ImageJ) software is employed to measure the size 
distribution of the samples and the results are shown in bar 
chart in Fig. 3. The particle size is in the range ~from  30 
to ~ 60 nm, the average width (height) of horizontally 
and vertically aligned nanorods are ~ 70 nm(~ 575 nm) 
and ~ 88 nm(~ 695 nm), respectively.

Figure 4 illustrates the typical X-ray diffraction patterns 
of the ZnO nanoparticles and vertically and horizontally 
oriented ZnO nanorods deposited via electroless deposition 
technique on top of thin Ag/PMMA substrate. The diffrac-
tion peaks at 2θ = 31.9°, 34.6°, 36.4°, 47.6°, 56.7°, 62.9°, 
67.7°, 69.2°, and 75.7°corresponding to the (100), (002), 
(101), (102), (110), (112), (201), and (202) crystallographic 
planes of the ZnO hexagonal wurtzite structure are detected 
in the X-ray diffraction pattern that matches with JCPDS 
36-1451 [27]. Intensity of the peaks is proportional to the 
number of scatters per unit area of a given atomic plane and 
usually, with increasing plane indices, the intensity of the 
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Fig. 2   Cross-sectional FESEM image of deposited ZnO a nanopar-
ticles, d horizontally oriented nanorods, and g vertically oriented 
nanorods on Ag/POF. Corresponding FESEM surface view EDX 

spectra for b, c nanoparticles, e, f horizontally oriented nanorods, and 
h, i vertically oriented nanorods
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peak decreases as depicted in XRD patterns of all samples. 
The diffraction and reflection of X-ray occurred through 
crystallites in polycrystalline materials; therefore, wide 
peaks with less intensity is expected for nano size structure 
material compared to bulk counterpart. The size of crystal-
lite is decreased from nanorods (sample V) to nanoparticles 
(sample N); thus, the intensity of reflected light and as a 
result the peak intensity diminishes which is depicted in 
Fig. 4. The crystallite size is inversely proportional to the 
FWHM of the diffraction peak (Scherer’s formula), hence 
small crystallites generally produces broader peaks. The 
appearance of intense (002) peak for sample V confirms that 
the ZnO nanorods are highly crystalline with a hexagonal 
structure and their preferential orientation growth is per-
pendicular to the substrate, which is previously observed by 
the FESEM images as shown in Fig. 2. The c-axis aligned 
preferred orientation of poly-crystals sample V along their 
longitudinal axis confirms vertically oriented formation of 
ZnO nanorods via higher intensity of (002) plane compare 
to the others. However, in the case of sample H, the intensity 
of (101) plane is higher showing different alignment of the 
ZnO nanorods. For all samples, the weak signal of Ag (111) 
appeared at 2θ = 38.19° which is ascribed to Ag nanofilm 
coated as an inner layer.

Figure  5 shows representative 3D AFM images of 
samples which clearly indicate the existence of spheri-
cal nanoparticles in sample N and vertical oriented ZnO 
nanorods in sample V. The deposition of the horizontal 
aligned nanorods is difficult to define solely from the AFM 
measurement. The average diameter and length of the ZnO 
nanorods produced vertically is determined to be ~ 82 nm 
and ~ 648 nm, respectively. The surface roughness of ZnO 
nanoparticles and horizontal and vertical nanorods are found 
to be ~ 32 nm, ~ 276 nm, and ~ 346 nm, respectively. Theo-
retically, the surface roughness alters the surface area and 
improves the mechanical interlocking mechanism. The sur-
face roughness affects the filler matrix interfacial bonding 
and surface energy matching. It is favorable for wetting of 
the filler and the surface matrix which is required for good 
adhesion. When the surface of the sample has higher rough-
ness, the possibility of mechanical interlocking formation of 
crude oil is high; consequently, great adhesion can be real-
ized. Therefore, the higher roughness presented in sample 
V can assist occurrence of higher level of interaction with 
crude oil and improve the performance of the sensor.

The optical properties of samples exposed to different 
crude oil concentrations are studied by room temperature 
photoluminescence (PL) excited with 332 nm wavelength 
over a wavelength range of 332−600 nm and the spectra is 
depicted in Fig. 6. Typical PL spectra of ZnO crystal con-
tains of UV and visible emission peaks where the former 
is attributed to near band edge (NBE) emission of exciton 
recombination and the latter is related to deep-level (DL) 

Fig. 3   The histogram of size distribution for ZnO a nanoparticles, 
b, c horizontally oriented nanorods, and d, e vertically oriented 
nanorods

Fig. 4   X-ray diffraction spectra of ZnO nanostructures coated on Ag/
PMMA polymer substrate via electroless method
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structure defects such as oxygen vacancies (Ov) interstitials 
(Oi), zinc vacancies (VZn), and interstitials (ZnOi). A strong 
UV emission and a relatively broad weak shoulder at visible 
emission are obviously observed for all samples. There are 
two kinds of shifts that appear in the PL spectra which are 
explained below.

First, there is a shift in the NBE peak going from sample 
N to sample V (there is no shift observed in this region by 
varying the oil concentration in specific sample). The UV 

emission for three types of ZnO nanostructures illustrates 
that in the conversion from ZnO nanoparticles to vertically 
coated ZnO nanorods the signal is ~ 0.25 eV blue shifted. 
This phenomena is attributed firstly to the residual stress 
caused by structural imperfections in the ZnO crystals at dif-
ferent morphologies that consequences the band gap modu-
lation and secondly, band gap decreases with increase in size 
of nanostructure because of electron confinement at nano-
scale due to quantum confinement effect. The energy gap 

Fig. 5   AFM surface images (5 μm × 5 μm) of a ZnO nanoparticles, b ZnO horizontally aligned nanorods, and c ZnO vertically aligned nanorods 
deposited on Ag/POF

Fig. 6   Photoluminescence 
spectra of a ZnO nanoparti-
cles, b horizontally aligned 
nanorods, and c ZnO vertically 
aligned nanorods deposited on 
Ag/polymer substrate at room 
temperature. The excitation 
wavelength is 332 nm. Inset 
shows high magnification of DL 
emission and its corresponding 
shift due to increasing crude oil 
concentration
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between the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LOMO) for a 
nanocrystal is significantly modified by distribution of the 
orbital energies (density of state) in different shape nano-
structures. Depending on the geometry and size of the unit 
cell and atomic structure, the energy wave vector for crys-
tal extends over multiple Brillouin zones; therefore, a large 
number of energy bands are formed and consequently this 
orbital splitting restructured the density of energy states 
resulting in altering of band gap [28]. Accordingly, narrower 
range band gap energy is anticipated by miniaturization of 
nanostructures.

Second, there is a shift in the DL emission which is varied 
by sample shape and crude oil concentration. The blue shift 
of ~ 0.029 eV, ~ 0.095 eV, and ~ 0.114 eV in deep-level emis-
sion at visible area occurred for sample H, N, and V , respec-
tively, by increasing the crude oil concentration from 0 to 
100%. The origin of this shift is attributed to electron trans-
ferring to the deep energy level of the ZnO. There are six 
possible bondings between organic and/or inorganic solution 
and ZnO host surfaces which are mentioned below: covalent 
connection by anchoring groups, ion exchange/ion pairing or 
donor/acceptor electrostatic interactions, hydrogen bonding, 
van der Waals and London forces, hydrophobic interactions 
resulting in self-assembly of long alkyl chains, and physical 
trapping inside the pores or cavities of hosts [29]. The ZnO 
(host surface) interacts with crude oil (organic solution) via 
two mechanisms of hydrophobic attachment and London 
force. When the oil touches the ZnO, the weak intermo-
lecular London force is created between temporary dipole 
crude oil molecules induced by permanent dipole ZnO with 
wurtzite structure. The charge of the ion causes a distortion 
of the electron cloud in the non-polar molecule; this constant 
motion of electrons transfers to a higher orbital. Electrons 
stay over the forbidden energy gap, into the conduction band, 
or near the top of the band gap, when the excited state is 
an anti-bonding orbital. Moreover, the asphaltene and long 
chain of alkane are available in heavy crude oil. The attrac-
tion between ZnO nanoparticles and n-C7 asphaltenes has 
taken place [30]. However, the nanoparticles evaluated also 
must have the ability to reduce the mean size of asphaltene 
aggregates in the fluid with the objective of impacting the 
configuration and distribution of them in the oil matrix. The 
mean size of the aggregated asphaltene is reduced by ZnO 
nanoparticles through re-configuration and re-distribution of 
them in the oil matrix leading to reduction in the crude oil 
viscosity. Therefore, in diluted environment, the electron can 
escape from their mutual traction more freely and greater 
number of them can easily move and occupy the ZnO top 
energy level. Re-configuration of ZnO energy band structure 
by electron transferring via above-explained phenomena can 
modulate the band gap of ZnO when it is exposed to differ-
ent crude oil concentrations.

The DL-PL shift for sample V is higher due to its larger 
surface area and open porous structure compare to agglom-
erated ZnO in sample N and H. Moreover, the average 
dispersion relation (kinetic energy) of vertically oriented 
nanorods with more degree of freedom having no periodic-
ity in any direction are higher when compared to compare to 
horizontally oriented and nanoparticles according to dimen-
sionality of the nanostructures. Therefore, more adsorption 
of oil molecules even at room temperature and better interac-
tion with crude oil molecules takes place with such a great 
surface energy. This exclusive property is ascribed to the 
small size of nanorods and is a key factor for higher sens-
ing performance of the sample V. The PL spectrum of ZnO 
nanoparticles displays intense visible emissions compared 
to nanorods samples which is due to enhanced structural 
defects existing in smaller nanostructure. As it is clearly seen 
in Fig. 6, lower visible deep-level emission from vertically 
coated ZnO nanorods compared to UV near band edge emis-
sions represents formation of high-quality ZnO nanorods 
with lower deep-level defect concentrations. The high UV-
to-Visible emission ratio for nanorods confirms a higher 
level of crystallinity with lower density of surface defects 
compared to nanoparticles. This statement is consistent with 
the XRD results presented in Fig. 4.

In order to better understand the sensing behavior of 
the probes, the optical transmission spectra of Ag/glass, 
ZnO(nanoparticles)/Ag/glass, ZnO(horizontal nanorods)/
Ag/glass, and ZnO(vertical nanorods)/Ag/glass are meas-
ured using double-beam spectrophotometer in the wave-
length range from 380 to 1800 nm and the spectra shown in 
Fig. 7. In total internal reflection of propagating light at the 
core/cladding interface, the light is not reflected completely 
and a portion of it (evanescent wave) penetrates the clad-
ding and outer layers as well. The evanescent wave intensity 
exponentially decays as a function of interface distance. This 
evanescent wave plays a significant role in sensing mech-
anism. The shape of coated ZnO layer directly affects on 

Fig. 7   Optical transmittance spectra of a glass substrate, Ag/glass, 
ZnO (nanoparticles)Ag/glass, ZnO (horizontal nanorods)Ag/glass, 
and ZnO (vertical nanorods) Ag/glass. b Top view FESEM image of 
Ag coated on partially unclad PMMA polymer fiber. Discontinuous 
deposition of Ag is clearly seen in the figure
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the average transmittance values and it is below 40% for 
all samples. The Ag/glass (first layer of the probe) exhibits 
the minimum transmission. Although, Ag exhibit very high 
reflection for almost all wavelengths above 350 nm, discon-
tinuous coating of Ag nanoparticles on fiber (see Fig. 7b) 
provides the semi-transparent layer in which transmission 
the light through first coated layer might be possible.

The light transmittance is increased by coating the ZnO 
nanostructure on top of Ag layer as shown in Fig. 7. When 
the ZnO film is formed on the top of Ag layer, the reflection 
at the interface between the Ag film and air in the emission 
wavelength region is decreased [31, 32], resulting in increase 
ofthe transmittance. In particular, the transmittance of the 
sample H further increases to 37% at 1150 nm, which is 
higher than that of the other ZnO shape samples. The follow-
ing equation (Beer-Lambert) shows the relationship between 
transmission and layer thickness [33]:

where I is the transmitted intensity at a particular wave-
length, I0 is the incident light intensity, α is the absorption 
coefficient, and t is the film thickness. The vertical configu-
ration of ZnO sample provides the higher thickness than the 
horizontally oriented and nanoparticles; therefore, its trans-
mittance is relatively lower. The deposited layer thickness 
does not directly affect the sensitivity mechanism; however, 
thickness plays an important role in total internal reflection 
of the light and contacting evanescent light with outside 
media. If the deposited layer is too tick, then light cannot 
contact with outside media and sense the refractive index 
changes. In contrast, narrow layer leads to occurrence of 
higher leaky modes and light power lost. Therefore, compe-
tition of these two conflict phenomena determine the opti-
mum value for the thickness (~ 680 for vertically oriented 
nanorods) in which higher sensitivity and efficiency have 
taken place.

The wavelength versus absorbance graph of crude oil 
diluted with different concentrations of hexane is depicted 
in Fig. 8. In both Vis and IR area, by increasing the oil con-
centration, the absorption intensity increases. Darker hydro-
carbons in higher concentration have less transmittance and, 
consequently, higher absorption. When the hydrocarbon is 
exposed to visible light, the absorbed energy of the photon 
excites the electrons to a higher energy together with occur-
rence of π–π* transitions. However, when sample is exposed 
to IR radiation in addition of photon excitation, the follow-
ing phenomena also occurred. In organic compounds, atoms 
are bonded through a σ bond and two atoms do not remain 
static at a fixed distance; thus, their movements are termed 
stretching and bending vibrations. Both stretching and bend-
ing vibrations match with the energies of wavelengths in the 

(1)T =
I

I0
= e(−�t)

infrared region of the electromagnetic spectrum. These two 
vibrating processes further absorb the part of radiation when 
the hydrocarbon is exposed to IR light specifically at higher 
oil concentration. For these reasons, the absorption spectra 
in IR area is slightly higher than Vis region. This difference 
is less prominent in lower oil concentration, due to transpar-
ency of the solution and lower π–π* transitions.

The light emission spectra range from 550 to 1200 nm 
which pass through the optical fiber probe displayed in 
Fig. 9. According to numerical aperture and spectral shape 
of the source, three peaks appeared in the spectrum cor-
responding to different propagating main modes. In visible 
area, the peaks broaden; therefore, for calculating the light 
feature changes, this area is fitted with Gaussian and shown 
as inset. Intensity and wavelength modulation are obviously 
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Fig. 8   Room temperature absorbance of crude oil as a function of 
concentration at a visible and b IR range. Inset depicts the absorption 
range in specific selected wavelengths which matches with the main 
propagating modes through the fiber
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seen for all peaks, when the probe immersed in crude oil is 
having variety of concentrations. However, for the sample 
V, intensity and wavelength modulation are more prominent 
compared to the other samples. In visible region of light 
spectra, there are some small shoulders appearing at 730 nm 
wavelength. This is associated to localize surface plasmon 
resonance of coated Ag nanoparticles as a first layer. When 
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 weak excitonic peaks 
in the spectra.

Figure 10a and b display the intensity and wavelength 
changes, respectively, for all samples at three wavelengths 
matching with main propagating modes. As can be seen in 
the figures, the intensity and wavelength changes for higher 

Fig. 9   Transmission spectra of the a ZnO(NPs)/Ag/POF, b ZnO(NRH)/Ag/POF, and c ZnO(NRV)/Ag/POF fiber probe as a function of crude oil 
concentration. Inset shows Gaussian smoothed propagating mode centered at 770 nm wavelength

Fig. 10   a Intensity and b wave-
length changes as a function of 
ZnO shape at propagating mode 
centered at 770 nm, 940 nm, 
and 1072 nm wavelength. These 
three wavelengths are coordi-
nated with the main propagating 
modes depicted in Fig. 9
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wavelength (near IR) are more obvious than visible area 
which is attributed to deeper penetration of evanescent wave 
from core to the other layers in this wavelength. Following 
equation is used to quantitatively calculate the penetration 
depth [34].

where the λ is the wavelength of the light source, θ is the 
incident angle of light, n1 and n2 are the RI of core and 
cladding, respectively. The penetration depth for 770 nm, 
940 nm, and 1074 nm wavelength is measured to be 240 nm, 
293 nm, and 335 nm, respectively.

The intensity and wavelength modulation of transmitted 
light as sensing elements for all samples follows the simi-
lar trend in which by increasing the oil concentration from 
0 to 100% the intensity diminishes and the wavelength is 
blue shifted. The quantitative value of intensity changes for 
three different samples while exposed to different crude oil 
concentration as depicted in Fig. 11a. Increasing the crude 
oil concentration from 0 to 100% leads to decreasing the 
intensity to 91%, 86%, and 67% of their maximum value 
for the samples H, N, and V, respectively. Two phenomena 
are responsible for intensity modulation: Firstly, interference 
of core and reflected light from ZnO layer with different 
RI causes change in intensity, and secondly, evanescence 
wave absorption dependence on crude oil concentrations. 
According to Eq. 3 which is experimentally obtained in our 
previous research [35], when the band gap is altered, the RI 
of ZnO layer changes.

where n is the RI and Eg is the band gap energy. The param-
eters of the modified relation are A = 1.691, B = 1.915, and 
C = 0.530 (eV)−1. The band gap modification process by 
exposing to surrounding crude oil is extensively explained in 

(2)
dp =

�

2�ncore

(

sin2 � −
(

nclad

ncore

)2
)1∕2

(3)n = A0

(

1 + Be−CEg

)

the PL section. When ZnO nanostructures contact the crude 
oil, by increasing the oil concentration, the electron transfer 
to ZnO energy bond increases due to higher existence of 
intermolecular force and inducing electron cloud; therefore, 
the band gap changes are strongly dependent on oil con-
centration. Moreover, under the irradiation of incident light 
having a wavelength larger than the Ag particle size, the 
high-density electron cloud of the Ag nanoparticles forms 
and starts oscillating. In case of ZnO/Ag bi-layer configura-
tion at the interface of Ag and ZnO, the electrons accumulate 
which leads to downward band bending of the ZnO side and 
transfer of the electrons from Ag nanoparticles to ZnO side. 
This process correspondingly alters the band gap of ZnO.

The following equation expresses the two-beam optical 
interference [36]:

where I is the intensity of the total interference signal 
detected by optical analyzer, I1 and I2 are the intensities of 
the core and cladding modes,. respectively, L is the length 
of the prob, λ is the wavelength, and ϕ0 is the initial phase 
difference. Cladding mode is propagating the reflected eva-
nescent wave from ZnO layer along the cladding part (see 
schematic diagram at Fig. 1). ∆neff is the difference between 
the effective RI of core and cladding modes:

The max transmission in Eq.  4 appears when 
2�LΔneff

�
+ �0 = 2m� + �0 (m is an integer). Consequently, the 

transmission spectra reveal the peaks at wavelengths given by:

The RI of the ZnO layer changes; consequently, the nclad
eff

 
and Δneff are altered. The m order interference spectrum shift 
( �m ) can be written as follows:

(4)I = I1 + I2 + 2
√

I1I2 cos

�

2�LΔneff

�
+ �0

�

(5)Δneff = ncore
eff

− nclad
eff

(6)�m =
LΔneff

m

Fig. 11   a Intensity and b wave-
length changes as a function 
of crude oil RI at propagating 
mode centered at 1072 nm 
wavelength for all samples
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where Δn is the difference between the RI of ZnO and clad-
ding. According to Eq. (7), the shift of the transmission 
spectra is a function of Δn.

The two parameters of I2 and nclad
eff

 are variable when the 
probe exposes to different oil concentrations. By increasing 
the RI of ZnO due to exposure to higher RI of crude oil, 
the nclad

eff
 decreases and as a result, according to Eq. 5, ∆neff 

increases, and therefore, intensity shrinks. At higher oil con-
centration as can be seen in schematic diagram (Fig. 1), the 
color of solution is darker and it is known that light absorp-
tion increases by increasing the darkness; accordingly, the 
absorption of evanescence light which is responsible for core 
mode propagating is more in dense crude oil.

Figure  11b shows the wavelength shift for samples 
once the probe is immersed at different oil concentrations. 
The maximum shift of ~ 3.2 nm, ~ 6.3 nm, and ~ 8.3 nm is 
observed for sample H, N, and V, respectively, by increasing 
the RI of crude oil solution from 1.372 to 1.478. The inter-
ference of core and cladding mode is responsible for occur-
rence of wavelength shift. As can be seen in Eq. 7, ∆neff 
varies when the RI of the reflectance layer (ZnO) changes.

The proposed sensor sensitivity towards crude oil refrac-
tive index is compared with the available literature on refrac-
tive index polymer fiber optic sensor and the results are pre-
sented in Table 1. The table shows that the sensor based 
on coating the vertically aligned ZnO nanorods (sample V) 
at higher wavelength light source shows maximum inten-
sity and wavelength sensitivity of 78 nm/RIU and 38 dB/
RIU, respectively. The performance of sample V is not only 

(7)Δ�m =

(

Δneff + Δn
)

L

m
−

ΔneffL

m
=

ΔnL

m

higher than the other proposed samples, but also is greater 
than the other fabricated POF sensors reported elsewhere. 
This greater performance is attributed to larger surface area, 
higher average dispersion relation, better crystallinity, larger 
surface roughness, better adhesion, and interaction with oil 
molecules (see schematic in Fig. 12) when the ZnO nanorods 
are oriented vertically.

4 � Conclusion

POF sensors are fabricated and modified by partially remov-
ing the cladding and depositing the ZnO/Ag with different 
ZnO shapes including nanoparticles and horizontal and 
vertical nanorods on removed region via electroless chemi-
cal deposition techniques. The maximum surface area, rms 
roughness, and crystallinity were obtained for vertically ori-
ented ZnO nanorods sample. Increasing the crude oil con-
centration modifies the RI of ZnO layer and consequently 

Table 1   Sensitivity comparison of the proposed polymer optical fiber sensor with the recently published one

No Fiber type Sensing application based on 
refractive index changes

Light wave-
length (nm)

Sensitivity Refs.

Wavelength 
(nm/RIU)

Intensity (dB/RIU)

1 POF Glycerol, dodecane and water 670 – 13.4 [24]
2 POF Milk fat solutions 530 – 0.15 ΔA/Δ% fat [37]
3 POF Sucrose solutions 633 – 29.7 [38]
4 POF Water content in oil 632 2.21 [39]
5 POF Sucrose solutions 835 32 – [40]
6 POF

(sample N)
Crude oil solutions 770 28.7 16.9 Current study

940 52.8 13.2
1072 60.1 13.2

POF
(sample H)

770 21.9 9.4
940 29.2 8.5
1072 30.6 6.6

POF
(sample V)

770 40.6 32.0
940 62.1 31.1
1072 78.5 38.6

Fig. 12   Schematic diagram of ZnO shape dependence surface inter-
action with crude oil molecules in the solution



12100	 Journal of Materials Science: Materials in Electronics (2020) 31:12089–12100

1 3

changes the wavelength of propagating light. The highest 
wavelength sensitivity of 78.5 nm/RIU and intensity sen-
sitivity of 38.6 dB/RIU are obtained for vertically oriented 
ZnO nanorods sample compared to the other ZnO nano-
structure configurations. The utilization of a highly sensi-
tive, flexible, low cost, non-brittle, stress withstanding, and 
small size intrinsic POF sensor based on exterior cladding 
modifications for detecting the crude oil concentration per-
mits operation at harsh environment with remote sensing 
operation capability, where bulk extrinsic sensors are not 
suitable for use.
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