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Three-dimensional porous ordered SnO2 nanostructures have been fabricated by templating a 

sol–gel pre- cursor solution against the polystyrene nanospheres for the first time. Field 

emission scanning electron micrography (FESEM) indicates that the surface of the 

nanostructures is highly regular and the porous structures are perfectly ordered. Besides a broad 

emission band at 600 nm, the porous SnO2 nanostructures show an additional emission band 

at 430 nm, which is seldom seen in the bulk SnO2 materials. Spectral examinations and 

analyses reveal that the 430 nm band is induced by the interfacial effects between the porous 

frameworks. 

 

 

Keywords: SnO2; Porous; Structural.  
 

 

1. INTRODUCTION  

 

It is well known that the performance of materials is greatly influenced by the morphological 

and structural features, including size, shape, surface–volume ratio, and porosity [1, 2]. In 

recent years, porous nanostructures have received considerable attention in the areas of 

catalysis, sensors, gas storage and luminescence due to their high surface areas. Tin dioxide 

(SnO2) is a larruping n-type semiconductor with a wide band gap (Eg = 3.6 eV, at 300 K), 

which has been widely used in gas sensors, catalysts, and solar cells [3–5]. In particular, the 

porous SnO2 nanostructures could have potential advantages in enhancing the sensor and 

https://www.sciencedirect.com/science/article/pii/S1359645419306949#!
https://www.sciencedirect.com/science/article/pii/S1359645419306949#!
mailto:ciere.selvain@ensicaen.fr
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catalytic activities for such structures not only have higher surface areas but also can supply 

more efficient transport for the reactant molecules to get to the active sites [6, 7]. In or- der 

to pursue the enhanced performance of catalysis and sensor, much more attention has been 

paid on the preparing of porous SnO2 nanostructures in the past years. For example, Chen et 

al. [8] prepared porous SnO2 films us- ing a pulse laser deposition method. Zhao et al. [9] 

synthesized the porous SnO2 nanostructures through thermal decomposition the mixture 

solution of dibutyltin dilaurate and acetic acid. Feng et al. [10] prepared the porous SnO2 

nanostrips on the tin substrate by an anodization process. However, these methods need 

rigorous experimental conditions such as sophisticated instruments, high reaction temperature 

and complicated prior separation steps. More importantly, it is difficulty to realize the 

controlled growth or fabrication with the desired sizes. Recently, Scharrer et al. [11] fabricated 

the optically active ZnO photonic crystals by infiltrating polystyrene templates, and then 

removed the polystyrene by firing the samples at elevated temperatures. The resulting filling 

fractions show the high porosity and uniformly ordered structures. So, we could imagine that 

if we infiltrate the SnO2 sol–gel solution into the fractions of the polystyrene templates, and 

then remove the polystyrene, one may hope to obtain the porous SnO2 nanostructures. This 

method has obvious advantages: firstly, the size and the porosity of the SnO2  nanostructures 

can be controlled through controlling the size and the thickness of the PS templates; secondly, 

for the template is an ordered colloidal crystal consisting of PS nanospheres, when moving the 

template, an ordered porous SnO2 nanostructure also can be obtained. Based on the idea, 

polystyrene nanospheres as a template were firstly prepared on glass substrate and directly 

introduced into the SnO2 sol–gel solution formed by the hydrolysis and condensation of tin 

chloride tetrahydrate, and then removal PS nanospheres by heating led to the formation of 

porous ordered SnO2 nanostructures. The optical properties of the synthesized porous SnO2 

structures were also studied by Raman and PL spectra. 

 

2. EXPERIMENTAL  

The PS nanospheres templates are synthesized using a modification of the micromolding 

method reported by Kim et al. [12] The sol–gel resolution is prepared by commingling tin 

chloride tetrahydrate (SnCl4 ·4H2 O) and anhydrous ethanol in a water bath installation and 

kept at 80 °C for 10 hours. Then keep the solution at room temperature for 24 hours as 

staleness. Afterward, infiltrate the SnO2 sol– gel solution onto the PS template for several 

times, and then keep the PS template at 120 o C for dehydration. Fi- nally, remove the PS 

templates by annealing at 500 o C for four hours. The morphologies and structures of the 

prod- ucts were characterized by scanning electron microscopy (SEM) (Hitachi S-4800), X-

ray diffraction (XRD) (Shi- madzu 7000), and high-resolution transmission electron microscopy 

(HRTEM) (Philips Tecnai G2 F30 S-TWIN). The optical properties were conducted on Raman 

spectroscopy (Jobin-Yvon T640000), and PL spectroscopy (Edinburgh: FLS920). 

 

3. RESULTS AND DISCUSSION  

Figure 1(a) shows the low magnification SEM image of the PS nanospheres template. It can be 

seen that the PS nanospheres show a highly ordered array on the substrate. There are some 

obvious cracks on the array which may originate from the shrinkage during the annealing 

process. High magnification SEM image in Fig. 1(b) further confirms that the nanospheres have 
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a very smooth surface. And the diameter of the PS spheres is about 250 nm, which is closely 

packed with a hexagonal cell. Figure 1(c) shows a magni- fied SEM figure of a crack, from 

which one can see that the spheres are four layers and the inner layers are also even- bedded. 

These PS nanospheres exhibit a hexagonal close- packed structure. 

 

Figure 2 shows the SEM images of porous SnO2 nano- structures that were formed by 

templating a sol–gel pre- cursor solution against a crystalline assembly 250 nm polystyrene 

nanospheres. Figure 2(a) shows an array of such porous structures after the polystyrene 

template has been decomposed by annealing at the 500 °C for 4 hours, and just left the 

porous nanostructures that needed. It can be seen that the nanoporous are existing at a three-

dimensional form and the holes are orderly arrayed with a hexagonal cell in Figs. 2(a) and 2(b). 

It also can be seen that the diameters of the nanopores are on average about 250 nm and the 

wall thickness is about 50 nm, which is the same as the diameter of the PS spheres. So, the size 

and porosity of the as-prepared SnO2 nanostructures can be easily controlled by controlling the 

sizes of the PS nanospheres through changing the concentrations of potassium persulfate and 

styrene as well as the speed of the magnetron in the preparation. Especially, the surface of the 

single pore unfolded at hexagonal forms instead of the rotundity of the beads can be described 

in terms of Voronoi tessellation in the plane of the PS surface [13, 14].  
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Fig. 1 (a) Low- and (b, c) high-magnification FESEM images of the as-prepared PS 

templates 
 
 
Figure 2(c) is a magnified crack image of the as- prepared nanostructures, which is used to 

interpret the inner porous structures. It can be seen that there are four porous layers and the 

inner layers are also with a porous nanostructure like the surface. The EDS patterns from the 

porous samples are revealed in Fig. 2(d). It is indicated that the as synthesized samples are just 

composed of tin and oxygen and there are no organic elements or any other impurity left. 

Figure 3 shows the XRD pattern of the as-prepared nanoporous samples. Compared with the 

tetragonal rutile SnO2 structure (JCPDS: 41-1445) showed in the bottom, all the diffraction 

peaks are matching the standard data file well and can be ascribed to the standard rutile 

structure with no exception. The peaks are relatively broadened than those of the bulk 

counterpart, indicating that the samples have more intrinsic defects. It is known that the optical 

properties of SnO2 nanostructures are very sensitive to the morphologies, synthetic conditions, 

etc.  
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Fig. 2 (a) Low- and (b) high-magnification FESEM images of the as-prepared porous SnO2 

nanostructures. (c) Magnified crack image of the as-prepared nanostructures. (d) EDS 

spectrum of the as-prepared porous SnO2 

 

 

 

 Fig. 3 Typical XRD patterns of the as prepared nanoporous SnO2 and the standard 

XRD pattern of the bulk SnO2 (bottom). 

 

 

4. CONCLUSIONS   

 

In conclusion, we have fabricated the porous ordered SnO2 nanostructures by templating a 

sol–gel precursor solution against the polystyrene nanospheres for the first time. It is revealed 

that the porous SnO2 nanostructures have the tetragonal rutile form with the perfectly ordered 

porous structures. PL results show that the emission peak at 600 nm originates from the 

electronic state determined by the oxy- gen vacancies, while the ubiquitous emission peak at 

430 nm arises from the interfacial effects between the porous frame- works. The work 

provides a new way to synthesize the ordered porous SnO2 nanostructures. 
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Four kinds of new one-dimensional nanostructures, celery-shaped nanorods, needle-shaped 

nanorods, twist fold-shaped nanorods, and awl-shaped nanorods of ZnO, have been grown on 

single silicon substrates by an Au catalyst assisted thermal evaporation of ZnO and active 

carbon powders. The morphology and structure of the pre- pared nanorods are determined on 

the basis of field-emission scanning electron microscopy (FESEM) and x-ray diffraction 

(XRD). The photoluminescence spectra (PL) analysis noted that UV emission band is the band-

to-band emission peak and the emission bands in the visible range are attributed to the oxygen 

vacancies, Zn interstitials, or impurities. The field-emission properties of four kinds of ZnO 

nanorods have been invested and the awl-shaped nanorods of ZnO have preferable 

characteristics due to the smallest emitter radius on the nanoscale in the tip in comparison 

with other nanorods. The growth mechanism of the ZnO nanorods can be explained on the 

basis of the vapor–liquid– solid (VLS) processes. 

 

 

Keywords: ZnO; Morphology; Nanorod. 
 
 
1. INTRODUCTION 
 
One-dimensional nanostructures such as wires, rods, and tubes have become the focus of 

intensive research owing to their unique applications in mesoscopic physics and fabrication of 

nanoscale devices [1]. ZnO is an important member in II–VI group semiconductors. It has 

profound applications in optics, optoelectronics, sensors, and actuators due to its 

semiconducting, piezoelectric, and pyroelectric properties [2]. 1D ZnO nanostructures have 

mailto:wzhang@ntu.edu.sg
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attracted great interest in the past few years [2–4]. Extensive efforts have been made to 

synthesize ZnO nanostructures, such as nanowires [3], nanobelts [5], nanotubes [6], nanorings 

[7], etc., because nanostructural morphology is one of the important factors determining the 

properties [2]. Field emission is one of the most fascinating properties of semiconductor 1D 

nanomaterials and has been extensively studied due to its importance in view of the field 

emission flat display, x-ray sources, and microwave devices [8]. Field-emission properties of 

1D ZnO nanostructures have been reported, such as well- aligned ZnO nanowires grown at low 

temperature [9], ZnO nanowires on a tungsten substrate [10], ZnO nanoneedle arrays [11, 12], 

tetrapodlike ZnO nanostructures [13], gallium-doped ZnO nanofiber arrays [14], and ZnO 

nanowires grown on carbon cloth [15]. These works revealed excellent field- emission 

properties of the ZnO nanostructures and shed light on potential applications in the near future 

[16]. 

In this paper, four new one-dimensional nanostructures, celery-shaped nanorods, needle shaped 

nanorods, twist fold-shaped nanorods and awl-shaped nanorods of ZnO,  have  been  grown  on  

single  silicon  substrates  by an Au catalyst assisted carbothermal evaporation of ZnO and 

active carbon powders. The morphology and structure of the prepared nanorods are determined 

on the basis of field-emission scanning electron microscopy (FESEM) and x-ray diffraction 

(XRD). The photoluminescence spectra (PL) analysis noted that UV emission band is the band-

to- band emission peak and the emission bands in the visible range are attributed to the oxygen 

vacancies, Zn interstitials, or impurities. The field-emission properties of four kinds of ZnO 

nanorods have been invested and the awl- shaped nanorods of ZnO have preferable 

characteristics due to smallest emitter radius on the nanoscale in the tip in comparison with 

other nanorods. The growth mechanism of the ZnO nanorods can be explained on the basis of 

the vapor– liquid–solid (VLS) processes. 

 

 

 
 

 

 Fig. 1 (a), (b) The low magnified FESEM image of ZnO celery-shaped nanorods 

  

 

 

2. EXPERIMENTAL 

 

The synthesis of these ZnO nanorods is minutely depicted as follows. The Au layer (about 10 

nm in thickness) is de- posited on single silicon (001) substrates with an area of 5 mm2 by 

sputtering. Note that we do not find that silver plays any catalyst role in the synthesis of ZnO 

nanorods in our case. The active carbon and ZnO powders (both 99.99 %) are mixed in a 1:1 

weight ratio and placed into a small quartz tube. The four Si substrates covered by Au are put 

near the mixture of carbon and ZnO inside the small quartz tube. Then the small quartz tube is 

pulled into a large quartz tube, and together they are inserted in a horizontal tube electric 
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furnace. The whole system is evacuated by a vacuum pump for 20 minutes, then the Argon gas 

is guided into the system at 50 sccm, and the pressure is kept at 350 Torr. Afterward, the system 

is rapidly heated up to 1030 °C from the room temperature and kept at the temperature for 1 

hour. Finally, the system is cooled down to the room temperature in several hours. When four 

substrates are taken out, we can see gray production on substrates. Field emission scanning 

electron microscopy (FESEM) and x-ray diffraction (XRD) are employed to identify the 

morphology and structure of the synthesized productions. Note that we can easily repeat the 

experimental results, suggesting that our method is flexible and reproducible. 

 

3. RESULTS AND DISCUSSION 

 

Morphologies of the synthesized ZnO nanorods in four substrates are shown as Figs. 1–4. The 

celery-shaped nanorods of ZnO are shown in Fig. 1. Figure 1(a), (b) is a low- magnified 

FESEM image. Figure 1(c), (d) is a high magnified FESEM image, from which the 

morphologies of the celery-shaped nanorods of ZnO are clearly displayed and the size of the 

celery-shaped nanorods of ZnO is about 300–400 nm. The needle-shaped nanorods of ZnO are 

shown in Fig. 2. Figure 2(a), (b) is a low-magnified FESEM image. Figure 2(c), (d) is a high 

magnified FESEM image, from which the morphologies of the needle-shaped nanorods of ZnO 

are clearly displayed. The average size of the needle- shaped nanorods of ZnO is about 150–

200 nm, and the tip of the needle-shaped nanorods of ZnO is about 50 nm. The twist fold-

shaped nanorods of ZnO are shown in Fig. 3. Figure 3(a), (b) is a low-magnified FESEM image. 

Figure 3(c), (d) is a high magnified FESEM image, from which the morphologies of the twist 

fold-shaped nanorods of ZnO are clearly displayed. The average size of the twist fold-shaped 

nanorods of ZnO is about 100 nm, and the tip of the twist fold-shaped nanorods of ZnO is about 

25 nm. The awl- shaped nanorods of ZnO are shown in Fig. 4. Figure 4(a), (b) is a low-

magnified FESEM image. Figure 4(c), (d) is a high magnified FESEM image, from which the 

morphologies of the awl-shaped nanorods of ZnO are clearly displayed. The average size of 

the awl-shaped nanorods of ZnO is about 80–100 nm, and the tip of the awl-shaped nanorods 

of ZnO is about 10 nm. 
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Fig. 2 (a), (b) The low magnified FESEM image of ZnO needle-shaped nanorods. (c), (d) The 

high magnified FESEM image of ZnO needle-shaped nanorods 
 

 

 
Fig. 3 (a), (b) The low magnified FESEM image of ZnO twist fold-shaped nanorods. (c), (d) 

The high magnified FESEM image of 

ZnO twist fold-shaped nanorods 
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Fig. 4 (a), (b) The low magnified FESEM image of ZnO awl-shaped nanorods. (c), (d) The 

high magnified FESEM image of ZnO awl-shaped nanorods 

 

4. CONCLUSIONS 

 

In summary, four kinds of new one-dimensional nanostructures, celery-shaped nanorods, 

needle-shaped nanorods, twist fold-shaped nanorods, and awl-shaped nanorods of ZnO, have 

been grown on single silicon substrates by an Au catalyst assisted carbothermal evaporation of 

ZnO and active carbon powders. The morphology and structure of the prepared nanorods are 

determined on the basis of field- emission scanning electron microscopy (FESEM) and x- ray 

diffraction (XRD). The photoluminescence spectra (PL) analysis noted that UV emission band 

is the band-to-band emission peak and the emission bands in the visible range are attributed to 

the oxygen vacancies, Zn interstitials, or im- purities. The field-emission properties of four 

kinds of ZnO nanorods have been invested and the awl-shaped nanorods of ZnO have 

preferable characteristics due to the smallest emitter radius on the nanoscale in the tip in 

comparison with other nanorods. The growth mechanism of the ZnO nanorods can be explained 

on the basis of the vapor–liquid– solid (VLS) processes. 
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SnO2 thin films doped with various manganese concentrations were prepared on glass 

substrates by sol–gel dip coating method. The decomposition procedure of com- pounds 

produced by alcoholysis reactions of tin and manganese chlorides was studied by 

thermogravimetric analysis (TGA). The effects of Mn doping on structural, morphological, 

electrical and optical properties of prepared films were characterized by X-ray diffraction 

(XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), Hall effect 

measurement, Fourier Transform Infrared (FTIR) spectral analysis, UV–Vis 

spectrophotometry, and photo- luminescence (PL) spectroscopy. The results of the X-ray 

diffraction show that the samples are crystalline with a tetragonal rutile structure and the grain 

size decreases with increasing the doping concentration. The SEM and AFM images 

demonstrate that the surface morphology of the films was affected from the manganese 

incorporation. The Sn1−x Mnx O2 thin films exhibited electrically p-type behavior in doping 

level above x = 0.035 and electrical resistive increases with increase in Mn doping. The optical 

transmission spectra show a shift in the position of absorption edge towards higher wavelength 

(lower energy). The optical constants (refractive index and extinction coefficient) and the film 

thickness were determined by spectral transmittance and using a numerical approximation 

method. The oscillator and dispersion energies were calculated using the Wemple–

DiDomenico dispersion model. The estimated optical band gap is found to decrease with 

higher manganese doping. The room-temperature PL measurements illustrate the decrease in 

intensity of the emission lines when content of Mn is increased in Mn-doped SnO2 thin films. 
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1. INTRODUCTION 

 
SnO2 thin films are wide band gap n-type semiconductors with unique properties, including 

high electrical conductivity, high transmittance at near-IR and visible wavelengths and high 

chemical (thermal) stability. These properties make them useful for functional applications such 

as gas sensors, transparent conductive electrodes in devices such as solar cell and flat panel 

displays [1–3]. There is considerable interest in the development of tin oxides based diluted 

magnetic semiconductors (oxide) (DMS(O)) because of their high Curie temperature which is 

essential for spintronic de- vices [4]. A number of experiments have revealed magnetic 

properties of SnO2 thin films doped with transition metal such as Fe [5], Cr [6], Co [7] and 

Mn [8] at room temperature. Numerous efforts were made in enhancement of n-type 

conductivity of SnO2  thin films by Sb and F [9], but little research was reported on 

fabrication of p-type conducting SnO2  using elements with a lower valence cation such as 

Al [10], Ga [11], In [12], Li [13], Sb [14] and In–Ga co- doped [15] as the acceptor impurity, 

which increases the hole concentration. Recently, transition-metal-doped SnO2 thin films such 

as Fe [16, 17] and Co [18] were prepared as possible candidates for p-type transparent 

conducting thin films. These materials can offer simultaneous ferromagnetic and p-type 

conduction and new research prospects. Among the transition metals much emphasis is being 

put on Mn due to its large equilibrium solubility and nearly the same ionic adii compared to 

Sn4+ ion for substitution. So far, there has been only one report on the Mn:SnO2 ceramics as p-

type ox- ide semiconductor prepared by conventional solid state re- action [19], but there is no 

report discussing p-type conduc- tion of Mn-doped SnO2 thin films. Various techniques, such 

as spray pyrolysis [20], pulsed laser deposition (PLD) [21], thermal evaporation [22] and sol–

gel spin coating method (SGSC) [23], have been used to deposit Mn-doped SnO2 (Sn1−x 

Mnx O2 ) nanostructured thin films. The results of properties of Sn1−x Mnx O2 thin films 

strongly depend on the preparation conditions and growth methods. 

 

Sol–gel process is advantageous compared to other techniques, such as low processing 

temperatures and possibility of tailoring the starting solutions resulting in better compositions 

and better control of the final structure. So far, the major focus of studies on Sn1−x Mnx O2 

thin films has been on the magnetism induced by the incorporation of Mn ion into the SnO2 

lattice. However, to the best of our knowledge, there have been no complete reports on the 

study of the electrical, photoluminescence and optical properties of Sn1−x Mnx O2 thin films 

besides the fact that the evaluation of optical constant of a transparent DMS is considerably 

important for the applications in magneto-optical devices. In the present study, Mn-doped SnO2 

thin films were fabricated on glass substrates by a sol–gel dip coating (SGDC) method from 

chloride precursor. Doping concentration was taken as the experimental parameter to study the 

alterations in struc- tural, electrical, optical and morphological properties. 

 

 

2. EXPERIMENTAL 

 

Sn1−x Mnx O2 thin films were prepared by the sol–gel dip coating method. The following 

procedure was adopted for the preparation of thin films. The sol was prepared by dissolving 

(0.5 mol) of SnCl2 ·2H2 O in 50 ml absolute ethanol (99.7 %). The mixture was well stirred and 

refluxed at 80 °C for 2 h. Manganese chloride (MnCl2 , 99 %) was then added into the solution 
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as an Mn precursor and Mn concentration was varied for each experiment as x = 0.000, 

0.015, 0.035, 0.070 and 0.120. This was refluxed at 80 °C for 4 h for the homogeneous 

mixing of the solution and then aged in air for 48 h, i.e. until the formation of a clear and 

homogeneous sol with a stabilized viscosity and pH. The Sn1−x Mnx O2 thin films were 

deposited on glass substrates ultrasonically cleaned with acetone using the dip coating 

method. The withdrawal speed of the substrate from the coating is 90 mm/min. Then the films 

were dried at 120 °C to evaporate the solvent and remove organic residuals. This coating and 

drying procedure was repeated several times to produce layers of solution on substrate. Then for 

crystalliza- tion, the samples were annealed in a furnace at 500 °C for 1 h in air. Upon 

annealing, the thin film was ready to be analyzed for its characteristics.  Thermogravimetric-

derivative thermogravimetry (TG- DTG) of powder sample was performed with Perkin Elmer 

(Pyris Diamond) thermal analyzer. The analysis has been carried out in N2 atmosphere at a 

heating rate of 20 °C/min. Infrared spectrum of sample was recorded by using Fourier 

transformed infrared (FT-IR) spectrophotometer (Shimadzu model 8900) to identify the 

chemical structure. The structural investigations were  performed with  a  Philips PW-1840 

diffractometer by using Cu Kα   radiation (λCu Kα   =0.15406 nm). The surface morphology 

of films was characterized using scanning electron microscope (SEM), LEO, 1430VP. AFM 

experiment was carried out in the ambient condition with Veeco CP Research instrument using 

Si can- tilever. The electrical properties including resistivity, carrier concentration, Hall mobility 

of the films were determined with Hall effect measurements system (RH2010) by using the 

four-probe van der Pauw method. The ohmic contacts were made with silver-spot electrodes. 

The transmission spectra of films were measured with Varian Cary100 UV– Visible 

spectrophotometer. The optical constants (refractive index and extinction coefficient) of the 

films were calcu- lated from the experimental spectral transmittance by using pointwise 

unconstrained minimization approach [24]. The Wemple–DiDomenico (WD) model and 

Urbach’s relation were used in the analysis of the obtained spectral data. The 

photoluminescence spectra of thin films were investigated by Perkin Elmer (LS 55) 

Fluorescence spectrometer under excitation at 297 nm. 
 
 
3. RESULTS AND DISCUSSION 
 
A concentrated gel material was prepared for TGA by evap- orating the solvent of a small 

volume of the original gel. Figure 1 shows TG curves of the dried Mn-doped SnO2 gel. 

Two weight losses were observed at about 70–100 °C and 110–150 °C in the TG curve and the 

most of weight loss happened below 200 °C. The first weight loss may be from the evaporation 

of water and alcohol and the follow- ing weight loss by the combustion of resultant organics. 

No other weight loss in TG was observed over 500 °C, confirm- ing that the organic materials 

were burned out at 500 °C. The results reveal some chemical changes during thin film 

preparation from sol. All IR band has been assigned to the absorption peak of Sn–O and (Sn, 

Mn)–O, Sn–OH or OH bond vibrations. The band at 1100 cm−1 is attributed to the O–H 

deformation mode. The absorption in the range of 3000–3600 cm−1 is assigned to O–H 

stretching vibration [25]. The absorption peaks in the range of 500–700 cm−1 are assigned to 

Sn–O and (Sn, Mn)–O bands (antisymmetric Sn–O–Sn stretching mode of the surface–

bridging ox- ide formed by condensation of adjacent surface hydroxyl. 
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Fig. 2 SEM micrographs of Sn1−x Mnx O2 films at (a) x = 0.000, (b) x = 0.035, (c) x = 0.070 

and (d) x = 0.120. 
 

Figure 2(a)–(d) shows the SEM micrograph of Sn1−x Mnx O2 thin films annealed at 500 °C. 

The incorporation of Mn at Sn site was found to influence the surface morphology of the films. 

The microstructure of pure SnO2 film has uniformly distributed nanocrystallites (Fig. 2a). It 

may be noted from Fig. 2 that the grain size decreases with an increase in Mn concentration. 

This reduction can be explained by the fact that Mn3+ ion has a smaller radius and contraction 

of the lattice structure than Sn4+ ion. The root-mean-square (RMS) surface roughness is gen- 

erally used to study the morphology of surfaces. The RMS roughness contributes to light 

scattering and also gives an idea about the quality of the surface for optical device designing. 
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AFM images of pure SnO2 and Sn1−x Mnx O2 (x = 0.035, 0.070 and 0.120) films are 

respectively presented in Fig. 3(a)–(d), and roughness parameters (average surface roughness, 

Ra , and root mean square roughness, Rq ) are measured. The surface of pure SnO2 film is 

more uniform than that of Mn-doped SnO2 films. The roughness parameters increase with 

increasing of Mn contents from the x = 0.000 (Rq  = 0.44 nm and Ra  = 0.35 nm) to x = 0.120 

(Rq  = 1.04 nm and Ra  = 0.65 nm). There are signs of hump formation in top surface of the 

SnO2 film deposited, proba- bly because of particle or grain coalescence. 

 

The Hall effect experiment results showed that the resistivity of pure tin oxide films is much 

higher than that of thin films prepared by other conventional methods [9, 26] and this is related 

to slight deviation from stoichiometry. As can be seen in Table 2, in low doping level, below x 

= 0.035, the films showed n-type behavior and above this level, conversion to p-type 

conduction (when majority carriers are holes) has occurred. This behavior can be attributed to 

the substitution of Sn4+ by Mn3+ as an acceptor [19]. Regarding the Hall effect measurement 

results, the resistivity showed in- crease by enhancement of the Mn concentration (x). This 

effect is due to the increase in disorders and amorphous phase, which can be explained based 

on the XRD patterns. Another reason for increasing resistivity is attributed to the fact that Mn3+ 

ions are substituted into Sn4+ sites and act as an acceptor in SnO2 lattice. This trend is 

accompanied by decrease of carrier concentration because of the presence of carrier traps. A 

decrease in mobility of p-type thin films is caused by the decrease of grain size (grain bound- 

ary enhancement) and increased disorder of the tin oxide crystalline lattice, which corresponds 

to phonon and ionized impurity scattering. Optical transmission spectra of the Sn1−x Mnx O2 

films in the wavelength region of 300–800 nm. 
 

 
 

 

Fig. 3 AFM micrographs of films prepared with various doping concentrations at (a) x = 0.000, 

(b) x = 0.035, (c) x = 0.070 and (d) x = 0.120. 

 

The spectra show a high transmittance (>80 %) for the pure tin oxide thin film and lower 

transmittance for the films pre- pared by doping of various Mn concentrations. The higher 

transmittance observed in the pure SnO2 film was attributed to less scattering effects, structural 

homogeneity and better crystallinity, whereas the lower transmittance in the Mn- doped SnO2 

thin films can be due to a lesser crystallinity, in- crease in scattering centers (grain boundaries, 
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defects, etc.) and enhanced surface roughness, which is consistent with the AFM results. 

Further, the fundamental absorption edge was shifted towards higher wavelengths with the 

increase of Mn concentration, suggesting the narrowing of energy band gap in the films due to 

sp–d exchange effect. It was reported that similar shift has resulted from the incorporation of 

transition metal ions into the SnO2 nanoparticles [21, 27–29]. 

 

The optical constants (refractive index and extinction co- efficient) of the films prepared at 

different dopant concentrations were calculated from the experimental transmission spectra by 

using pointwise unconstrained minimization. The variations of refractive index and the 

extinction coefficient with the wavelength for all the films. The refractive index of the samples 

increases with the doping concentration. The observed variation of refractive index with doping 

concentration for SnO2 :Mn thin films can be explained on the basis of the contribution from 

both disorder of the films and lattice contraction [30] that were deduced from XRD results. The 

increase in values of the extinction coefficient can result from the absorption and grain 

scattering due to the decrease in grain size, according to XRD patterns results, and so the 

 

 

4. CONCLUSIONS 

 

Undoped and Mn-doped SnO2 thin films with different Mn doping concentrations were 

successfully deposited on glass substrates by sol–gel dip coating technique. The X-ray 

diffraction pattern indicates that pure SnO2 films possess a tetragonal crystalline structure. 

Upon increasing the Mn concentration, the crystalline quality was found to be deteriorated. 

SEM images reveal reduction of granule size with increase in Mn content. AFM results proved 

that the surface roughness of the films has increased with Mn content. The Hall effect 

measurements have shown that above a particular percentage of manganese, the doping the 

conduction type changes from n-type to p-type and in this region, resistivity is high because of 

the enhancement of lattice disorder and defects in SnO2 thin films. The optical transmittance 

measurements of the films confirmed that the films are transparent in the visible region. Upon 

Mn concentration, the optical band gap Eg   of the films was found to decrease from 3.93 to 

3.75 eV. The bowing of band gap is accompanied with a broadening of the Urbach tail. The 

optical constants (refractive index and extinction coefficient) tend to increase with increasing 

doping concentration. It was shown that the dispersion parameters of the films obey the single 

oscillator model. 
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Two stable phases of cobalt oxide nanoparticles of controlled sizes have been synthesized 

using environ- mentally friendly inorganic precursor. Structural charac- terization using X-ray 

diffraction (XRD) shows a single- phase spinal Co3 O4 structure up to annealing temperature of 

800 °C and a mixed phase of Co3 O4 and CoO particles for T > 900 °C. Single-phase CoO 

nanoparticles are also obtained by annealing the particles at a temperature >900 °C and cooling 

in inert atmosphere. Average macro- and micro- strain were estimated using XRD data. 

Macrostrain was found to be the minimum for particles annealed at 600 °C, whereas 

microstrain was found to decrease with increasing annealing temperature up to 900 °C. A 

correlation between the density of localized states (DOS) in the band gap and strain is expected 

because the origin of both strain and DOS are defects and bond length distortions. Sub-gap 

absorption measurement and model calculations have been used for the determination of DOS. 

For cobalt oxide nanoparticle sam- ples we find a correlation between estimated strain and den- 

sity of states in the band gap. 

 

 

Keywords: Co; Nanoparticles; Structural; Optical.  
 
 
 
 
1. INTRODUCTION 
 

Various phases of cobalt oxide nanocrystals are widely studied materials, both for technological 

applications and for physics studies. Cobalt oxide has wide range of applications such as a 

catalyst for the abatement of carbon monoxide  (CO) [1] and in CO sensors [2], as a magnetic 

material [3, 4], electro-chromic devices [5] and solar selective surfaces [6]. In addition, transition 

https://www.sciencedirect.com/science/article/pii/S0144861720309322#!
https://www.sciencedirect.com/science/article/pii/S0144861720309322#!
https://www.sciencedirect.com/science/article/pii/S0144861720309322#!
mailto:slia@di.fcen.uba.ar
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element oxides like cobalt oxide have found application in Li ion batteries [7, 8]. Poizot et al. 

[7] proposed a new class of anode materials based on nano- sized transition metal oxide. Wang 

et al. [8] demonstrated CoO electrode with stable, reversible Li storage capacity. Cobalt oxide 

is formed in five different oxidation states, out of which Co3 O4  (oxidation state +8/3)  and 

CoO (oxidation state +2)  are stable. Phase transformation studies in transition metal oxide 

nanoparticles have been widely re- ported in the literature [9, 10]. Jaffari et al. [9] have reported 

phase transformation in Co/CoO nanoparticles prepared by inert gas condensation. Riva et al. 

[10] have reported phase transformation study of bulk Co3 O4 during reduction. The magnetic 

properties of Co3 O4 phase have been studied in detail [3]. Co3 O4 nanoparticles are p-type 

semiconductors and bulk Co3 O4  is antiferromagnetic material with Neel’s temperature of 

around 30 K which crystallizes in normal spinel structure. Zhang et al. [11] report anomalous 

mag- netic properties for 10–80-nm CoO nanoparticles compared to those of coarse grained 

particles. Co3 O4 has a normal spinal structure with Co+ (3d6 ) ions at the octahedral sites and 

is diamagnetic in the octahedral crystal field. The Co2+ ions in the tetrahedral sites form 

antiferromagnetic sublat- tice. Neel et al. [12] have suggested that antiferromagnetic 

nanoparticles like Co3 O4 can have permanent magnetic mo- ment depending on the structural 

defects and/or spin imbal- ance. This makes important the detailed structural character- ization 

and understanding of the defects in these particles as a function of size and annealing 

temperature. 

 

In our previous work [13], we have proposed synthesis of two stable phases of cobalt oxide 

nanoparticles (Co3 O4 and CoO) by thermal decomposition of inorganic precursor. Synthesis 

of nanostructure using thermal decomposition of inorganic precursor is important because of 

easy control of process conditions, particle size, crystalline quality and also because the process 

is more environmentally friendly. Struc- tural characterization of the nanoparticles using 

electron mi- croscopy was reported. Particle sizes were found to increase with increasing 

annealing temperature. However, studies on the estimation of defects were not conducted. 

 

In this paper, the synthesis process was further optimized to get lower nanoparticle size with the 

same crystalline qual- ities. The process optimization is beneficial in the synthesis of CoO 

nanoparticles of lower sizes because CoO phase can only be obtained by annealing at ≥900 °C 

temperatures. The changes in micro- as well as macrostrain have been studied from XRD data. 

The origin of micro- and macro-strain is in defects like point defect/dislocation and change in 

bond length/bond angle, respectively. Density of states (DOS) in the band gap also has the same 

origin [14]. Therefore, there should be a correlation between the strain and the DOS in the band 

gap. Optical absorption in the sub-band-gap region is convolution of density of localized states 

in the band gap and the density of extended sates in the valance and conduc- tion bands [15]. We 

have used sub-gap absorption coefficient to estimate DOS in the band gap. We find that in our 

samples the DOS correlates well with micro- and macro-strain. 
 
2. EXPERIMENTAL 

 
Various phases of cobalt oxide nanoparticles were synthesized using wet chemical route. The 

reactants used include cobalt nitrate (Co(No3 )2 ·6H2 O) as a precursor, 2-pyrrolidone as 

solvent and oleic acid and trioctylphosphine oxide (TOPO) as surfactant. Inorganic chemical 

cobalt nitrate [Co(No3 )2 ·6H2 O] as a precursor is cheaper and less toxic than organic 
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precursors, used by other researchers. The chemicals used are analytical grade and procured 

from Sigma Aldrich. First, 0.5 g (1.72 mM) Co(No3 )2 ·6H2 O is dissolved in 25 mL (0.33 

M) 2-pyrrolidone. Then, 2 mL (6.2 mM) oleic acid and 2.4 g (6.2 mM) TOPO are mixed with 

the above solution at 50 °C, and stirred for 25 min- utes. The reaction takes place in two 

phases. After heat- ing at 50 °C and stirring for about 25 minutes, the solu- tion changes to 

transparent pink color. This indicates the completion of the first phase. The solution is then 

heated in air to 200 °C for about 1 hour, when we get a black solution. The solution is cooled 

to the room temperature and diluted with methanol. Black powder is separated from the 

solution by using a centrifuge. The powder is dried at 65 °C for about 10 hours in oven. The 

samples obtained were characterized by XRD and Raman Spectroscopy and were found to be 

amorphous in nature [13]. By annealing the samples at different temperatures, cobalt oxide 

nanopar- ticles were obtained. The nanoparticles were characterized by X-ray diffraction and 

optical spectroscopy. X-ray pow- der diffraction measurements were taken in angle-dispersive 

X-ray diffraction beamline (BL-12) [16] on Indus 2 syn- chrotron source [17]. The beamline 

consists of a Si (311) based double crystal monochromator and two experimental stations, 

namely a six-circle diffractometer with a scintilla- tion point detector and Mar 345 Image plate 

area detector. The reported measurements were carried out using the im- age plate. The X-ray 

wave length used for the present study was accurately calibrated by conducting the X-ray 

diffrac- tion on the diffractometer of a single crystal (Si (111)) with known d value. 
 
 
 
3. RESULTS AND DISCUSSION 
3.1 Structural properties  

 

Six samples were used in these studies, obtained by annealing the as-grown samples at 350 

°C (sample #1), 400 °C (sample #2), 600 °C (sample #3), 800 °C (sample #4) and 900 °C 

(sample #5). These samples were annealed in air and cooled in air. Sample #6 was obtained by 

annealing the as- grown sample at 900 °C and cooling in inert atmosphere (argon). Figure 

1 shows the XRD pattern of the five samples (#1, #2 and #4 to #6) taken at 0.856 Å. XRD 

for sample #3 (annealed at 600 °C) was taken at slightly different wavelength (0.859 Å). A 

comparison of the measured XRD data with JCPDS data (No. 9-402) shows that samples #1 

to #4 are a single-phase spinal struc- ture (Co3 O4 ) with Fm3m symmetry. Sample #5 annealed 

at 900 °C and cooled in air was a mixed Co3 O4 and CoO (fcc having Fd3m symmetry) phase. 

Sample #6, annealed in air but cooled in inert atmosphere gives single CoO phase. We believe 

that spinel phase transforms to fcc phase for annealing temperature >850 °C. Since sample #5 

was cooled in air post-annealing, the fcc phase changes to spinel phase in the excess of air, 

while cooling. In order to verify this hypothesis, we cooled sample #6 in argon and got a 

single-phase CoO sample. We have conducted a high-resolut ion  transmission electron 

microscopy (HRTEM) to ensure the crystalline quality of the nanoparticles. We see two 

parallel distinct atomic planes with d values 2.863 and 4.667 Å. These correspond to (111) and 

(220) planes of Co3 O4 phase and are in agreement with the XRD data (Fig. 1). In focused area, 

the planes are parallel with minimum visible defect- like dislocation. This shows that the 

method can be used for the synthesis of very good quality nanocrystals.  
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Fig. 1 X-ray diffraction pattern for samples #1, #2, #4 to #6. Samples #1, #2 and #4 are single 

phase Co3 O4 , whereas sample #5 is mixed phase of Co3 O4 and CoO and sample #6 is pure 

CoO phase. Samples #5 and #6 are both annealed at 900 °C but sample #6 is cooled in inert 

atmosphere unlike other samples which are cooled in air.  

 

 

A careful examination of XRD patterns of different samples in Fig. 1 shows that the lower 

diffracting planes like (111), (220) etc. for sample #1 are shifted towards higher 2θ values 

compared to those in samples #3 and #4; whereas the higher planes like (511), (440) etc. are 

shifted to lower 2θ values. This clearly shows lower d values of lower planes and higher d values 

of higher planes in the case of sample #1, compared to those in samples #3 or #4. Uniform 

strain or the macrostrain has been calculated by comparing the experimental d values for 

different samples with the tabulated values in the JCPDS data for the bulk. As discussed earlier, 

in order to accurately determine the d values, the X-ray wavelength was accurately determined 

by conducting the XRD on standard single crystal sample. All the measurements shown in 

Fig. 1 are taken in the same setting of area detector after wavelength was calibrated. The XRD 

data for sample #3 was taken at slightly different wavelength but after proper wavelength 

calibration. The wavelength in the two cases was 0.856 Å (Fig. 1). Each XRD peak was fitted 

using a Gaussian distribution and the position (2θ), and the FWHM were estimated. Interplanar 

distance d = λ/2 sin θ , thus obtained, was used to estimate the macrostrain = (d − dhkl )/dhkl , 

where, dhkl is the tabulated value of interplanar distance for (hkl) plane. Positive and negative 

values of the uniform strain give respectively elongation and compression strains. We find that 

the sample #1 (annealed at 350 °C) has uniform compressive strain of 0.4 ± 0.05% except 

for the planes (422) and (440) for which the compressive strains are lower (∼0.25 %). For 

sample #2 (annealed at 400 °C), the macrostrain for the lower planes is released, whereas the 

strain for the higher planes is comparable to that of sample #1. For sample #3 (annealed at 

600 °C) the macrostrain is annealed and the measured elongation strain is ∼0.10–0.15 % for 

all the planes. The observation of these three samples is in agreement with the general 

understanding that the strain gets released on annealing. Here we add that the strain in lower 

planes is released first followed by the strain in higher planes. In the annealed state, the samples 

show slight elongation strain. It is further inferred that the best quality nanoparticles are 

obtained for annealing at 600 °C. This is in agreement with our optical absorption data (to be 

discussed later). Annealing at higher temperatures again shows higher compressive strain. We 
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believe that this may be because when annealing at higher temperatures (≥800 °C), mixed 

phases of spinel and fcc nanoparticles are synthesized. For sample #4, annealed at 800 °C, 

the amount of minor fcc phase is too low to be detected by XRD. For sample #5, annealed 

at 900 °C, the minor phase is detected by XRD (see Fig. 1). This result is also corroborated by 

sub-gap ab- sorption measurements (to be discussed later in Sect. 3.2) on these samples. 
 
3.2 Optical overview 
 
Both the macro- and the micro-strain induce localized density of states (DOS) in the band gap, 

thereby increasing the sub-gap absorption. The origin of macrostrain is change in bond length, 

bond angle distortion, etc. These distortions give rise to increase in the slope of band tail 

(called Urbach edge). The origin of microstrain, on the other hand is in defects like point-

defect, dislocation, etc. These defects induce DOS in the mid-gap region. Sub-gap absorption 

is a fundamental process, which measures the density as well as energy positions of all the states 

in the band gap. As described in Experimental section, the transmission measurements in these 

particles have been conducted by suspending the particles in liquid. Transmission thus obtained 

has been corrected for scattering because of change in wavelength (Rayleigh scattering) and 

particle size. We find that the slope of the sub-gap absorption curve increases for samples #1 

to #3. A first impression is that there is decrease in density of states and hence the strain in the 

sample, as the samples are annealed at higher temperatures. This is in agreement with both 

macro- and micro-strain estimated using XRD data. For samples #4 and #5 annealed at 

temperatures 800 and 900 °C, respectively, the absorption curves in the sub-gap region are 

almost flat. This can hap- pen if the samples are mixed phases and the band gap of the minor 

phase is different from the major phase. For sample #5, the mixed phase is clearly seen in XRD 

measurements (see Fig. 1). We believe that the sample #4 is also a mixed-phase sample but the 

minor (CoO) phase is too small to be detected in the XRD measurements.  

 

In order to quantitatively compare density of states (DOS) in the band gap for samples #1 to 

#3, we estimate DOS for these samples from the sub-gap absorption data. We assume 

parabolic conduction and valance band states given by N (E) = NE ·E1/2 . The DOS near 

the band edges vary exponentially and the origin of these states are variations in bond angle 

and bond length. This is called the Urbach edge and is assumed to be the same (E0 ) for 

conduction as well as valence band edges for these calculations. The variations in the bond 

length and bond angle are also the origin for macrostrain.  

 

3. CONCLUSIONS 
 
Two stable phases of cobalt oxide (Co3 O4   and CoO) nanoparticles were synthesized using 

environmentally friendly inorganic precursor, by wet chemical route. Sizes of the 

nanoparticles were found to increase with increasing annealing temperature. Macro- and 

micro-strain in the samples were estimated by analysis of XRD peak position and FWHM, 

respectively. Macrostrain was found to be the minimum for particles annealed at 600 °C. We 

attribute the increase in microstrain for the samples annealed at ≥800 °C to the appearance of 

mixed phase in the sample. DOS in the band gap was estimated using sub-gap absorption 

measurements. It was found that both slope of Urbach edge and the mid-gap states (NG ) 

decrease for samples #1 to #3. DOS in the band gap, therefore, is found to correlate well 

with the change in macro- as well as micro-strain for the samples. This is justified because 
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lattice defects like dislocation, point-defect, distorted grain boundaries, bond angle/length 

variations, etc. contribute to both strain and localized DOS 

in the band gap. 
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Zinc oxide and titanium dioxide composite thin films were prepared on Corning 7059 glass 

substrates by co-sputtering. The reactive gas-surroundings used was ultrahigh purity oxygen. 

To analyze the structural, optical and photocatalytic properties of the ZnO–TiO2 samples, X-

ray diffraction (XRD), atomic force microscopy (AFM), optical absorption, Raman 

spectroscopy and methylene blue bleaching were carried out at room temperature. XRD pat- 

terns indicate the presence of TiO2 (anatase and rutile phases), ZnO, ZnTiO3, and Zn2 TiO4 

crystalline structures. AFM images allow the observation of non-homogeneous surface in the 

ZnO–TiO2 system, suggesting the separation of different crystalline phases in the composite. 

Raman studies exhibit different spectra in the films depending on the area analyzed, which can 

be interpreted as a result of the existence of well separated crystalline regions as seen in AFM 

images. The photocatalytic activity (PA) of TiO2 – ZnO–ZnTiO3–Zn2 TiO4 composite, as 

expected for adequate coupling semiconductors, is larger than PA of ZnO and TiO2 oxides, 

used as references. A simple proposal about the probable alignment of the conduction band, 

the valence band, and the Fermi level is included. 

 

 

Keywords: II-VI; Bang gap; Optical.  
 

 

1. INTRODUCTION 

 

Zinc oxide and titanium dioxide mixed system (ZnO–TiO2) has become an important material 

for technological ap- plications in photocatalysis [1–4], in gas sensing [5], in solar cells 

mailto:john.mcdonald@mcgill.ca
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fabrication [6], as bactericidal agent [7], etc. For instance, the enhancement of the 

photocatalytic properties of the ZnO–TiO2 composites, in comparison with TiO2 oxide, for 

degrading organic substance has been re- ported by several authors [1–3, 8–11]. In the 

preparation of the ZnO–TiO2 system (anatase or/and rutile TiO2 ), be- sides the ZnO and 

TiO2 binary oxides, the ternary com- pounds ZnTiO3  and Zn2 TiO4  are, in many cases, 

originated [12–16]. These titanates have also important photo- catalytic properties, whether 

mixed with ZnO or TiO2 , or with both: the reason why, at present, they are being widely 

studied [1, 3, 9, 10, 16]. In this work ZnO–TiO2 thin films were prepared by the r.f. sputtering 

technique on glass sub- strates. The material obtained was polycrystalline in which a mixture 

of ZnO, TiO2 (anatase and rutile), ZnTiO3 and Zn2 TiO4 phases coexists. The photocatalytic 

activity was studied through the bleaching of methylene blue aqueous solutions. In this study it 

was observed that the photocatalytic response of this composite is larger than that of ZnO and 

TiO2 thin films prepared with the same growing conditions. The energy band gap coupling 

and separation of charges have been the factors employed to explain the enhancement of the 

photocatalytic property of a given composite mate- rial. In this report we suggest a possible 

explanation about the charge separation in the multiphase oxide constituted of a thin film of 

five different oxides. The spatial distribution of phases is confirmed by atomic force images 

and Raman spectroscopy. 
 
 

2. EXPERIMENTAL 
 
By utilizing a Varian conventional r.f. sputtering system and high purity oxygen as working 

gas, ZnO–TiO2 thin films were grown on 1 × 1 inch2 7059 Corning glass substrates at room 

temperature (RT) during two hours. The final vacuum reached before the O2 introduction was 

1 × 10−5 Torr. A working pressure of 10 mTorr, 3 cm of target-to-substrate distance and an r.f. 

power of 5 W cm−2 were employed. TiO2 and ZnO single-phase thin films were also prepared 

under the same conditions. The samples were annealed in open atmosphere at 600 °C during 2 

hours. Metallic Ti, Zn, and Zn–Ti targets of 20.2 cm2 , Zn and Ti both 99.99 % pure, were 

employed. In the case of the reactive co-sputtering of Zn + Ti, the target was constituted of 

small thin plates of Zn placed on the Ti target. The thickness of films was measured by means 

of a Dektak II profilometer. The deposition rate of films was 1.25 nm/min for ZnO–TiO2, 2.0 

nm/min for ZnO, and 1.25 nm/min for TiO2 . XRD patterns were ob- tained through a Siemens 

D5000 diffractometer, using the CuKα line. Semiquantitative chemical analysis of the films 

was achieved with a scanning electron microscope (SEM, Jeol JSM-6300) provided with an 

energy-dispersive spec- troscopy (EDS) system. Atomic force microscopy (AFM) images were 

registered in a Park Scientific Inst. system. UV-vis absorption spectra measurements were 

performed in a Unicam 8700 spectrometer system over the 190–900-nm wavelength range. 

Energy band gap (Eg) calcula- tions were carried out by means of optical absorption spectra 

data by using the formula (αhν)2  ∝ (hν− Eg ), where α is the absorption coefficient, h the 

Planck constant, and ν the frequency of light. For Raman measurements, a Jobin Yvon Labram 
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micro-Raman was employed. The photocatalytic activity was quantified by means of the 

bleaching of methylene blue (MB) in aqueous solution. A small piece (0.5 × 0.5 cm2 ) of the 

ZnO–TiO2 thin films was dipped in a 1 × 1 × 4 cm3 quartz-cell fill with MB. A G15T8 

germicidal 15-W lamp was used as the UV source. The MB residual concentration was 

determined in the same UV–vis spectrometer used to measure the optical transmission-spectra 

of the films. All the characterization process was carried out at RT. 
 
 

3. RESULTS AND DISCUSSION 
 
Grazing (2.5°) XRD reveals that the ZnO–TiO2 films are constituted by a multiphase oxide 

compound since some characteristic reflections of ZnO (hexagonal), TiO2 (anatase and 

rutile), and the ZnTiO3 and Zn2 TiO4 titanates are observed in the diffractogram, which is 

dis- played in Fig. 1(a). Each peak has been identified in X-ray charts [17], and marked with 

references of the same reflections observed in XRD patterns reported by other authors [2, 7, 

11, 13–16, 18, 19]. Single phases of ZnO and TiO2 grew in the hexagonal and anatase 

crystalline structures, respectively (XRD not shown). Patterns exhibit also an amorphous 

background coming from some residual amorphous phase, but mainly from the glass substrate. 

Deconvolutions of XRD signals using Gaussian line-shapes reveal the presence of two phases 

in some reflections as shown in Fig. 1(b) and (c). EDS data provides the atomic concentrations 

of elements in films: oxygen 67 ± 6 at %, titanium 19 ± 5 at %, and zinc: 14 ± 5 at %. Table 1 lists 

an approximate calculation of the molecular percentages of crystalline phases from areas. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Grazing XRD (2.5°) pattern of the ZnO–TiO2 thin film. Brackets indicate references. 

Deconvolutions using Gaussian line-shapes of XRD reflections around: (b) the 42.5–44.0° 

interval, (c) the 47.5–48.5° interval. 
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Table 1 Data of molecular percentage, grain size, band gap, and electron affinity of the five 

chemical phases observed in the ZnO–TiO2 films 
 
     
 

Oxide         Percentage ( %) Grain size (nm)Eg  (eV) χ (eV) 
 
 
TiO2 (Anatase) 18 ± 4 32 

± 5 

 
3.2 

 
4.0 

TiO2 (Rutile) 9 ± 3 40 
± 6 

3.0 4.0 
ZnO 20 ± 4 31 

± 5 
3.3 4.0 

Zn2 TiO4 41 ± 4 30 
± 5 

3.7 4.0 
ZnTiO3 12 ± 3 32 

± 5 
3.7 4.0 

 
 
 
 

 
 

Fig. 2 AFM images of (a) TiO2 , (b) ZnO, and (c) ZnO–TiO2 thin films 
 
 

under peaks of XRD patterns. The thickness of films was 150 ± 12 nm for ZnO–TiO2, and for 

single phases: 150 ± 12 nm for TiO2, and 240 ± 15 nm for ZnO. Grain size, calculated by 

employing the Debye–Scherrer formula, of the different crystalline phases in the ZnO–TiO2 

films, is com- piled in Table 1. In Fig. 2(a)–(c) the AFM images of TiO2 , ZnO and ZnO– TiO2 

films are shown, respectively. The TiO2 and ZnO films were prepared and annealed under the 

same conditions used for the ZnO–TiO2 system. Both binary oxides show homogeneous 

surfaces where ZnO (rms-rough = 8 nm) exhibits larger agglomerates and roughness than TiO2 

(rms-rough =1 nm). The AFM image of the ZnO–TiO2 (rms-rough =30 nm) sample in Fig. 

2(c) shows large agglomerates with hill-chains aspect which, as suggested in Fig. 2(a) and (b), 

can be mainly formed by those oxides containing Zn. The overall surface aspect clearly shows 

a non-homogeneous material, which supports the fact of the existence of well separated 
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polycrystalline phases in the layer. Raman studies were carried out in two different regions of 

the ZnO–TiO2 surface by employing the objective lens of the equipment. Figure 3(a) displays 

the micro-Raman spectrum of regions. 

 

 

 
 

 

Fig. 3 Raman spectra of ZnO–TiO2 thin films measured on: (a) surface valley-like regions 

according to AFM images of (c). The peak pointed out with an asterisk at ∼120 cm−1 is an 

artifact. (b) Surface hill-like regions. Brackets indicate references. 
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Fig. 4 (a) Effective value of ZnO–TiO2 composite band gap, calculated by following the 

Scherrer’s formula. The inset exhibits the Eg value calculation for the TiO2 film. (b) 

Transmittance of the ZnO–TiO2 , ZnO and TiO2 films versus wavelength large tail of the 

(αhν)2   vs. hν curve at low energies can be related to lower band-gap-oxides in the film and to 

the presence of some residual amorphous material.  

 

 

The inset illustrates the Eg calculation for the TiO2 film, where a value of 3.2 eV is obtained. 

Transmittance ≥75 % is observed for λ ≥ 340 nm in Fig. 4(b), which indicates high transparency 

of the ZnO and TiO2 binary compounds, and of the ZnO–TiO2 composite. High efficiency was 

not a priority in this work, but the relative photocatalytic activity (PA) of the ZnO–TiO2 

composite compared to ZnO and TiO2 single phases was. As a matter of fact, high efficiency 

was not expected as the ZnO–TiO2 film is 150 ± 10 nm and since it is very probable that its 

PA is similar to that of TiO2 films where the catalytic activity reaches the maximum efficiency 

when thickness is >5 μm [31]. The three films were deposited under the same growing and 

annealing conditions. The band gap coupling among the different materials in the composite 

leads to a better charge separation, which in turn increases the lifetime of charge carriers by 

reducing their recombination-rate. The diffusion length of electrons and holes to reach the 

interface oxide-organic material is increased. This is the main property to get bet- ter 

photocatalytic results. Other two minor factors that can contribute to improve the photocatalytic 

activity are: (a) the larger roughness of ZnO–TiO2 film with respect to that of ZnO and TiO2 

single phases, and (b) the fact that high electric conductive phases such as ZnO and others, like 

Zn2 TiO4 with good conductivity values, exist in the films in such a way that the probability 

that carriers reach the electrolyte rises [7, 32–34]. Upon annealing at 600 °C, ZnO, ZnTiO3, 

Zn2 TiO4 crystallize and tend to assemble into percolating pathways as observed in Fig. 2(c), 

thus the existence of long more conductive zones in contact with the degrading organic material 

produces a better photocatalytic activity of the composite. 
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In order to propose a probable band coupling among the different oxides in the ZnO–TiO2 

composite, information about parameters already published will be needed. The band gap value 

of ZnO and TiO2 -anatase (TiO2 -A), in most cases, has been reported to be 3.2 eV [1, 4, 35–

38]. Rutile (TiO2 -R) has a lower band gap: 3.0 eV [1, 4, 39]. In the previous work on ZnO–

TiO2 we found that Eg -ZnO > Eg -TiO2 -A [30] and, according to many reports, a large 

probability exists that Eg   of ZnO be slightly larger than that of TiO2 . The value 3.3 eV can 

be chosen as an acceptable representative value of Eg -ZnO [40–45]. Electron affinities (χ) of 

these three oxides have the same value (4.0 eV) as observed by others researchers [46–48]. For 

titanates (Zn2 TiO4 and ZnTiO3 ) values of Eg   in the range 3.05–3.8 eV have been published 

[1, 4, 9, 16, 30, 52–54]. However, not enough information is found in the literature about the χ 

values of both ternary compounds. It is important to remark that the improved photocatalytic 

proper- ties of TiO2  (ZnO) when ZnO (TiO2) is present are well known [9–11, 30]. This means 

that good coupling of band gaps actually happens between any of the binary oxides ZnO and 

TiO2, with any of the ternary oxides Zn2 TiO4 or ZnTiO3 , in such a way that the photocatalytic 

activity is improved. 

 

The probable alignment of band gaps in the multiphase composite studied can be attempted if: 

(i) non-doped oxides are under consideration, and (ii) ZnO n-type is considered, since this 

material is more reliable to get a higher conductivity due to defects. The value χ = 4 eV will be 

chosen for ZnO, TiO2 -A, TiO2 -R, and also for ZnTiO3 , for this ternary oxide the value has 

been reported by Xu and Schoonen [54]. The same value will be taken for Zn2 TiO4 as a first 

approximation based on the work of Matsumoto [53]. Band gap values for ZnO, TiO2 -A, and 

TiO2 -R will be those already discussed in the last paragraph, namely 3.3, 3.2, and 3.0 eV, 

respectively. For ZnTiO3 , Eg  = 3.7 eV value will be selected too, as reported in Refs. [49] 

and [50]. Table 1 summarizes the Eg and χ values for the different chemical phases present in 

the ZnO–TiO2 film.  

 

 

4. CONCLUSIONS 

 

The increasing of the photocatalytic activity of ZnO–TiO2 thin films, in the methylene blue 

bleaching, with respect to TiO2 thin films prepared under the same growing and annealing 

conditions has been identified with a coupling band gap. Different crystallized chemical phases 

were observed in the ZnO–TiO2 films after annealing at 600 °C in air: TiO2 (anatase and 

rutile), ZnO, Zn2 TiO4 and ZnTiO3 . AFM chemical phases exist in the material. The 

photocatalytic activity of the ZnO–TiO2 composite is about 160 % higher than the PA of TiO2 

and 132 % than that of ZnO. The charge separation can be more effective if a significant relative 

displacement of conduction and valence bands of different ox- ides is promoted among the 

different chemical phases. This could be our case if n-type ZnO is considered in the ZnO– TiO2 

composite. 
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An overview of the following three aspects of the acoustical and related optical behavior of 

liquid crystals, namely i) ultrasonic studies, ii) acousto-optical effects, and iii) surface wave 

induced optical effects have been discussed. The temperature dependent ultrasound velocity 

has been used for the evaluation of the adiabatic compressibility (S) and the acoustic 

impedance (Z). A correlation between thermodynamic functions and thermo-elastic properties 

facilitated the evaluation of the specific heat at constant volume (CV), the ratio of specific heats 

() and the isothermal compressibility (T) across liquid crystal-isotropic phase transition. 

Acousto-optical effect in liquid crystals has been described in terms of molecular reorientation 

related to flows and turbulences due to acoustic vibration and radiation pressure in the medium. 

One important aspect of the acousto-optical effects is the surface wave induced optical effects. 

The change in transparency of a normal layer of liquid crystal under crossed polarizers are 

discussed which is interpreted as a consequence of the rotation of the optic axis.  In addition, 

the acoustic emission occurring from homeotropically-aligned liquid crystals irradiated by 

surface acoustic waves are also discussed.  

 

 

Keywords: Acousto-Optic Effects, Adiabatic and Isothermal Compressibility, Specific Heat 

at Constant Volume, Surface Acoustic Waves, Acoustic Emission 

 

1. INTRODUCTION 

 

Liquid crystals (LCs) are used in numerous applications including displays, smart windows 

and data storage due to their excellent electro-optical properties [1-2]. Besides electrical and 

optical driving, LC re-alignment based on the acousto-optic effect has also been demonstrated 

where acoustic wave changes the optical axis, thus changing the transmitted light intensity [3-

4]. Acoustic methods are one of the useful tools for characterization of some of the LCs 

properties. In spite of their relatively limited use, several successful acoustic experiments were 

realized. 

Acoustic experiments are based on the utilization of three types of acoustic waves: longitudinal, 

shear and surface acoustic waves (SAW). Both longitudinal and shear waves were used mostly 
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in the study of viscoelastic properties, rheological behavior, phase transitions, and also to study 

the reorientation of LC  

molecules [5]. SAW are used to determine the viscosity distribution in LC layer depending on 

the applied electric field and to the study of molecular reorientation induced by acoustic 

streaming. 

It is well known that the acoustic methods are very useful when the phase transition in the bulk 

samples of liquid crystals is studied [6-8]. The objectives of the ultrasound experiments 

performed in LCs can be broadly characterized as,  to: (a) study the sound propagation and 

investigate the anisotropy in attenuation () and velocity (v) in each mesophase, (b) investigate 

the dispersion process through the study of  frequency and temperature dependence of  and v, 

(c) study the transition between various mesophases and between the mesophases and the 

isotropic state, (d) analyze the acousto-optical effects, a consequence of the effect of sound on 

molecular ordering, (e) measure the viscosity coefficients and elastic constants, and (f) 

correlate the ultrasonic data to thermo-physical functions. 

The objective of this paper is to provide an overview of the acoustic and related optical behavior 

of LCs. The paper is divided in to five sections. The first section introduces the general 

background. The second section describes how the study of ultrasonic velocity can be used to 

evaluate the thermodynamic and thermos-elastic properties of LCs. The acousto-optic effects 

in LCs is discussed in the third section. The fourth section is devoted to the SAW induced 

optical effects in LCs. This section also discusses the acoustic emission from SAW wave 

irradiated LCs. The last section is devoted to general conclusions.  

 

2. ULTRASONIC STUDIES IN LIQUID CRYSTALS 
2.1 Ultrasound velocity and associated parameters 

 

Thermo-elastic characterization of LCs from the ultrasonic velocity and attenuation 

measurements is well established. It has been observed that the velocity decreases with 

increasing temperature, both in the isotropic and anisotropic regions, but shows an abrupt 

minimum in the vicinity of the LC– isotropic phase transition. This is behavior is true for 

various LC-LC phase transitions as well. Such a variation of the ultrasound velocity with 

temperature has been interpreted as characteristic of the LC phase transition [7, 8] 

To depict these characteristics, we present here the results of a comprehensive study on a liquid 

crystal formed by mixing two non-mesogens, viz., cholesterol and cetyl alcohol [8]. Textural 

study to identify the liquid crystal phase and the determination of the LC – isotropic transition 

temperature using thermal microscopy has confirmed that the mixture exhibits smectic A (SA) 

phase below 48.2oC. The thermo-elastic characterization of the LC was carried out from the 

measurement of the ultrasound velocity and density in the anisotropic and isotropic phases of 

the LC mixture. The associated properties, viz., the adiabatic compressibility (KS) and the 

acoustic impedance (Z) are also studied. The thermodynamic characterization of the LC phase 

has been carried out from the measurement of specific heat at constant pressure using 

differential scanning calorimetry (DSC). A correlation between thermodynamic and thermo-

elastic properties was developed which enabled the estimation of the temperature dependent 

ratio of specific heats () using experimentally determined quantities. This has facilitated the 

determination of the specific heat under constant pressure (CP), and the isothermal 

compressibility (KT). 

Variation of ultrasonic velocity with temperature is given in Fig. 1. The velocity decreases with 

increasing temperature, in both the isotropic and anisotropic regions, but shows an abrupt 

minimum in the vicinity of the SA - I transition. Such a variation of the ultrasound velocity with 

temperature is interpreted as the characteristic of liquid crystal phase transitions [8]. 
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Two parameters of immediate interest are the adiabatic compressibility and acoustic 

impedance. The adiabatic compressibility (KS) can be expressed as a function of temperature 

and can be determined using, 

 

 𝐾𝑠(𝑡) =  −
1

𝑉
(

𝜕𝑉

𝜕𝑃
) =  𝜔−2𝜌−1                                                                                                                                         (1) 

  

KS increases sharply with increasing temperature in the LC phase as one approaches the 

transition region (Fig. 2). Beyond the transition temperate, it decreases with a sharp gradient. 

Away from the transition temperature, KS increases with increasing temperature in the isotropic 

phase. 

Acoustic impedance, Z, is the pressure difference created by a compression wave traveling in 

a liquid. The electrical equivalence of acoustic impedance is the resistance experienced by 

electrical currents with 
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Figure. 1 Variation of ultrasonic velocity with temperature. The velocity shows an abrupt 

minimum in the vicinity of the SA – I transition. 
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Figure 2 Adiabatic compressibility data plotted as a function temperature shows a sharp 

increase on reaching the transition temperature. 

voltage being analogous to the pressure difference. The density (ρ) and ultrasound velocity () 

measurements can be used to determine the temperature dependent acoustic impedance using, 
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𝑍(𝑡) = 𝜔(𝑡)𝜌(𝑡)                (2) 

    

Z(t) also is found to show anomalies at the phase transition (Fig. 3). It decreases with increasing 

temperature in the smectic phase. A sharp decrease is seen in the vicinity of the transition 

followed by a sharp increase. In the isotropic phase Z(t) decreases with increasing temperature.  

  

 

 
 

Figure 3 Variation of the acoustic impedance with temperature showing 

a minimum at the SA – I transition. 

 

It has been observed that the ultrasonic velocity and related constants such as adiabatic 

compressibility and acoustic impedance are temperature dependent. Besides their dependence 

on structure, they are related to intermolecular cohesion, molecular attraction and molecular 

order in LCs. Starting from the isotropic phase with a decrease in temperature, the molecular 

interactions will increase and hence compressibility decreases while at the isotropic-liquid 

crystal phase transition, the low order molecular assembly changes to a high order one, thus 

leading to vigorous hetero-phase fluctuations. These fluctuations enhance the compressibility 

of the medium enormously and hence in turn lower the ultrasonic velocity and acoustic 

impedance.  

 

2.2. Evaluation of isothermal compressibility and specific heat at constant temperature 

 

A correlation between thermodynamic functions and thermo-elastic properties has been 

established through thermodynamic route [8]. The ratio of specific heats,   can be determined 

from thermodynamic relation through the measured specific heat data CP(t) , velocity (t) and 

density (t) using equation, 

 

𝛾 = 1 +  
𝑇𝑉𝛼2

𝐶𝑝𝐾𝑠
= 1 +  

𝑇𝑉𝛼2𝜌

𝐶𝑝𝜔2
 

(3) 

               

Equation (3) can be used to determine the temperature-dependent γ because , and KS are 

known from the ultrasonic studies and CP can easily be measured using a DSC. Thus the 
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measured values of CP and KS to determine the isothermal compressibility (KT) and the specific 

heat at constant volume (CV) using, 

 

𝐾𝑇 =  𝛾𝐾𝑆  
 

(4a)  

and 

𝐶𝑉 =  
𝐶𝑝

𝛾
 

(4b) 

 

The variation of CV and KT are shown in Figs. 4 and 5. CV values exhibit a large variation 

(Fig.4) in the region of the phase transformation. CV for the SA phase increases as one 

approaches the region of transition and then drops sharply and becoming almost flat in the 

isotropic region. KT values are found to show a large increase in the SA - I transition region with 

a kink at SA – I transition (Fig. 5). The density fluctuations between SA and isotropic phases 

will increase the isothermal compressibility in the vicinity of the phases transition, which is 

seen in Fig. 5. 
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Figure 4 Variation of the specific heat at constant volume (CV) with temperature 
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Figure 5 Variation of the isothermal compressibility KT with temperature 
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3. ACOUSTO-OPTIC EFFECTS IN LIQUID CRYSTALS 

 

The optic axis of the liquid crystal molecules can be rotated with the application of an acoustic 

field [9, 10]. The rotation of the molecules results in a change in the optical birefringence of 

the liquid crystal, which are observable by polarized light. The acousto-optic effect, analogous 

to electro-optic effect, have  

several interesting applications such as non-destructive evaluation and underwater sonar 

imaging [11,12] 

Acoustically excited dynamic scattering was first demonstrated by Kapustin and Dmitriev [13] 

on un-oriented nematic LCs. Acousto-optical effect in LCs has been described in terms of 

molecular reorientation related to flows and turbulences due to acoustic vibration and radiation 

pressure in the medium. Three parameters that control the acousto-optic effect in liquid crystals 

[14] are: (a) the incident angle of the acoustic wave, (b) the incident angle of the light wave 

and (c) the thickness of the liquid crystal layer. Several mechanisms have been proposed to 

explain the observed acousto-optical phenomenon which are: (a) Instability due to second order 

stresses, (b) static deformation resulting from a torque associated with the anisotropy of the 

acoustic attenuation, and (c) acoustic streaming 

 

4. SURFACE ACOUSTIC WAVE (SAW) INDUCED OPTICAL EFFECTS 

4.1 SAW excitation of oriented LCs 

 

Though there have been several reports on the effect of ultrasonic bulk waves on the optical 

properties of LCs, there are only very few reports concerning the interaction of SAW waves 

with LCs [15, 16]. The study involves generation of SAW using interdigital transducer (IDT) 

fixed on one side of a Lithium Niobate (LiNbO3) substrate and propagating on the highly 

polished surface of the crystal (Fig 6). The LC cell was prepared by sandwiching the sample 

between the LiNbO3 and a Pyrex glass on the top. Homeotropically aligned LC samples were 

dark when viewed under crossed polarizers. On exciting the LC with SAW, a pattern of white 

stripes, which were bright at the feeding edge, started appearing. With increase of acoustic 

intensity, different colors started to appear at the center of the stripes, which moved out in turn 

to the boundaries of the stripes. Further increase of SAW wave intensity resulted in a streaming 

of the LC sample, leading to a condition similar to the Dynamic Scattering observed under 

electric field excitation. Increasing the SAW field to a much higher value led to the LC 

becoming completely randomly oriented as inferred from the appearance of overall darkness 

in the field of view.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Structure of the liquid crystal cell: top and lateral view 
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The change is transparency of the LC cell was recorded as the transmitted light intensity 

through the cell. It has been observed that the transmitted light intensity (recorded as an output 

voltage Vp) increases with the applied IDT voltage (Vp), reaches a plateau, and then drops. 

Kapustina and Statnikv [15] proposed a theoretical model to explain the experimental results. 

The model considers the change in transparency of a normal layer of LC layer in polarized 

light, in consequence of the rotation of the optic axis. When crossed, the first polarizer transmits 

the component Ex of the electric vector, while the second polarizer the component Ey . When 

the direction of the incident beam coincides with the optic axis of the layer of molecules, the 

visual field under crossed polarizers will be dark. On rotation of the optic axis through an angle 

 caused by the surface wave, double refraction occurs, and there appears a component of the 

electric field along the y-axis that pass through the second polarizer. Based on the above 

discussion, Kapustina and Statnikov [15] obtained the following expression for the intensity of 

luminous flux over a period of oscillation: 

 

〈𝐼2〉 = 𝐴 {
𝜋

4
−

1

√1 + 𝑎2𝛽2 𝑣𝑜𝑥
2

 𝑎𝑟𝑐𝑡𝑔
1

√1 +  𝑎2𝛽2 𝑣𝑜𝑥
2

} 
(5) 

   

Here A is a constant. a = /// where  is the Maxwell’s constant related to the Maxwell’s effect 

of dielectric permittivity tensor [17] and // is the electric permittivity parallel to the director, 

2 = /2 , where  = 2f and  is the kinematic viscosity of the LC. vox is the amplitude of the 

oscillation velocity. Since the mean light flux falling on the light detector is proportional to the 

voltage Vp, and since the amplitude vox of the oscillation velocity in the wave is proportional to 

the voltage Vt  of the IDT (vox  = k(f)Vt), where k(f) is a frequency-dependant coefficient), Eq. 

(5) can be reduced to the following form:  

 

𝑉𝑝 = 𝐶0 {
𝜋

4
−  

1

√1 +  𝐶1
2𝑉𝑡

2
 𝑎𝑟𝑐𝑡𝑔

1

√1 +  𝐶1
2𝑉𝑡

2
} 

(6) 

 

where 𝐶1
2 = 𝑘(𝑓)𝛼2𝛽2depends on the frequency, but Co is a constant. Equation (6) is more 

convenient for practical use. For 𝐶2𝑉𝑡 ≪ 1 and 𝐶1𝑉𝑡 ≫ 1, we have respectively,  

 

𝑉𝑝 =  𝐶𝑜𝐶1
2𝑉𝑡

2/2 (7) 

 

and, 

𝑉𝑝 =  𝐶𝑜𝜋/4.  (8) 

            

George [16] using the experimental values, constructed the theoretical dependence of the IDT 

voltage with the voltage output of the light detector. Theoretical values are very close to the 

experimental values, which attests the correctness of the theoretical model.  

 

4.2 Acoustic emission from SAW irradiated LC cell 

 

Acoustic emission (AE) is the process of transient elastic wave generation due to rapid release 

of strain energy caused by structural alteration of solid material. As in the case of solids, when 

subjecting a LC to phase transition or to the interaction of external fields, structural changes 

and defect movements are possible. Under such conditions, due to the existence of elastic 

energy associated with the presence of  
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defects, one should expect AE to take place inside the liquid crystal. However, a fraction of the 

released energy may be absorbed due to the viscous nature of the LCs.  

George [18] studied the AE counts as a function of time and applied voltage for various cell 

thicknesses. The cell used was the same as in Fig. 6. The count rate dN/dt, which represents 

the AE activity increases with increasing transducer voltage, reaches a maximum and then 

drops. Further AE counts for various  

SAW voltage for a fixed time for various cell thicknesses. In all cases, the AE counts first 

increase with increasing SAW field and reach a maximum at some threshold voltage. These 

are found to decrease with further increase in SAW field. For voltages much higher than that 

corresponding to the peak emission, the sample become very quiet.  

AE is connected to the dynamics of defects when a sudden release of elastic energy associated 

to them is involved. Therefore, AE may constitute a new tool for the study of defects and their 

dynamics in LCs.  

 

5. CONCLUSION 

 

The acoustic properties of liquid crystals, specifically its interaction with ultrasonic waves and 

the related thermodynamic and thermos-elastic properties have been discussed. Two 

parameters of interest were the adiabatic compressibility and the acoustic impedance. Further, 

a method by which the thermodynamic parameter like, specific heat at constant volume, the 

ratio of specific heats and isothermal compressibility near the phase transition was 

demonstrated. The interaction of surface acoustic waves with a thin layer of liquid crystals and 

the related acousto-optical effects have been discussed in terms of the rotation of the optic axis 

of the liquid crystal. Further, the acoustic emission occurring from a thin film of liquid crystals 

when irradiated with surface acoustic waves was discussed. 
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Polyaniline (PANI) and  PANI/f-MWCNT thin films  have been synthesized by the in-situ 

chemical polymerization method. Ammonium persulfate (NH4)2S2O8  and hydrochloric acid 

(HCL) were used as an oxidizing agent and protonic acid dopant  respectively.  The f-MWCNT 

was added to PANI matrix to enhance and modify its optical properties. The films were  

deposited on  glass substrates by dip coating method and its characterizations were done by 

UV-Vis (Ultra-Violet Visible Spectrophotometer)  and  FTIR (Fourier transform Spectroscopy) 

in the region of (650–2500) cm−1. The optical energy gap and optical constants such as the 

reflective index, the extinction coefficient and others were carried out from the optical 

measurements in the wavelength range (300-900) nm. The optical results indicate that the 

prepared films have allowed direct transition and the optical energy gap depends on the 

different weight percentages of f-MWCNT which was used as a dopant. FTIR  spectrum  shows 

several absorption peaks centred at around  1556, 692, 1235, 830,  1450 and 1280 cm−1 which 

consider the characteristic band peaks of polyaniline. 

 

 

Keywords: PANI/f-MWCNT thin films, In-situ polymarization method, Optical properties.  

 

1. INTRODUCTION 

 

Due to the possibility of their commercial application in electronic devices, intrinsically 

conducting polymers have drawn excellent attention in latest years. For centuries, polymeric 

materials have been regarded as insulators; however, a redox and oxidation reaction called 

doping has shown that these polymers can display conductive characteristics [1]. The 

distinction between a semi-conductive polymer and a non-conductive polymer is due to the 

nature of the chemical bonds along the backbone of the molecule. The σ-bonds or hybrid 

orbitals which are formed by head-on overlap are usually responsible for the formation of single 

bonds. The σ-bonds are consisting of electrons that are localized and have no ability to pass 

along the backbone of molecular; hence a polymer will be an electrical insulator if only contains 

single bonds. If instead, the polymer has a conjugated system which are formed by alternating 

single and double bonds then each carbon atom which lies along the backbone of that system 

will form one unhybridized p-orbitals and three hybridized orbitals. When sp2 orbitals overlap, 
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σ-bonds will be formed, also the overlapping of p-orbitals results in π-bonds. No longer, 

electrons, take part in π-bonds, belong to a certain atom but will be delocalized. The combining 

of two p-orbitals leads to two different orbitals, one is the bonding π-molecular orbital which 

has a lower  

 

energy and the other is the antibonding π*-molecular orbital that has a higher energy. The 

energy gap of polymer is determined by taking the energy difference between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

The energy gap of polymer lies usually in the range (1-4) eV, this range is similar to that of 

inorganic semiconductors [3].  Because of its easy synthesis technique, low cost monomer, 

tunable characteristics, and better stability, polyaniline is a promising material as a conductive 

polymer. There are three distinct types of PAni: leucoemeraldine base (LEB), emeraldine base 

(EB, partly oxidized) and perennigraniline base (PNB, fully oxidized) polyaniline has been 

widely researched since the study of an insulator-to-metal shift to the emeraldine salt (ES-

conductive) shape after protonation of the emeraldine base(EB) [4]. In applications such as 

screens, photoelectrode semiconductor coatings, solar cell and chemical sensors, the 

conductive type of PANI was used [5].  Most composites that composed of  CNT and 

polyaniline  are widely studied. These studies  suggested that, there is a π-π interaction between 

graphitic structure of CNTs and aromatic rings of polyaniline. This interaction leads to the 

electron delocalization that facilitate the motion of electrons and enhance the electrical and 

optical properties of composites [6]. Multi-walled carbon nanotubes (MWCNTs) are 

comparatively chemically inert, display outstanding electrical and thermal conductivity, and 

demonstrate superior mechanical strength and nonlinear optical properties. Due to their 

improved electronic and optical characteristics, functionalized MWCNT–PANI 

nanocomposite thin films have recently drawn considerable attention. 

Because functionalized nanotubes are readily dispersed in organic solvents, the MWCNT dis

persion and homogeneity within the polymer composite are enhanced [7]. 

The aim of this paper is to prepare semiconducting polyaniline PANI and PANI/f-MWCNT 

thin films using in-situ chemical method at low temperature, which allows  us to get thin films 

with a good quality and to deposit them over large area, and also to study the influence of 

different weight percentages of f-MWCNT on the optical properties of PANI thin films. 

  

2. EXPERIMENTAL 
2.1.Functionalization of MWCNT 

 

 One gram of MWCNT was first immersed in 80 ml of a mixture of sulfuric acid and nitric acid 

(in 3:1 ratio) and placed in the ultrasound bath for two hours after which the mixture was placed 

under continuous stirring for a full day at 50o C. After that 10 ml of hydrochloric acid in the 

form of drops was added to the mixture under continuous stirring. In order to neutralize the 

mixture, ammonia hydroxide was also added to it in the form of drops until the solution is 

neutralized and this was confirmed using the pH meter. Then the product is centrifuged at a 

speed 4000 rpm for 15 minutes and filtered using filter paper, and the resulting powder is 

washed several times in deionized water and then dried at 80 °C for 6 h. The sample was 

abbreviated as f-MWCNT. 

 

2.2. Prepare PANI and PANI/f-MWCNT Thin films 

 

The PANI and PANI/f-MWCNT thin films was chemically synthesized by in-situ 

polymerization method, where using aniline monomer and ammonium persulfate (APS) as 

oxidant agent and hydrochloric acid (HCL) as protonic acid dopant, accordance to a method 
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similar to the described by A. Jabbar 2018 [8]. The different weight percentage of f-MWCNTs 

(0, 4, 6 and 8 w%) with respect to aniline were used.  PANI and PANI/f-MWCNT films was 

deposited on glass slides. The slides are dipped in aniline/HCl solution then the oxidant agent 

(APS) was added under constant stirring to start the polymerization process, after 30 min, all 

the slides are removed from a flask. The obtained films were again immersed in aniline/HCl 

solution, then rinsed with 1 M HCl and acetone, finally left to dry in air at room temperature. 

The optical measurements of the thin film deposited on glass substrate are calculated from the 

transmittance and absorbance spectrum at normal incidence over the range (300–900) nm, by 

using UV-VIS spectrophotometer type (SHIMADZU)(UV-1600/1700 series).  SIDCO 

England series FT-IR spectrometer is used to carry out the infrared analysis of the wavenumber 

that ranges 650 to 2500 cm-1. 

  

 

3. RESULTS AND DISCUSSION 

 

Figure 1 shows the UV-VIS spectra in the range of (300-900)nm for a pure PANI and PANI/f-

MWCNT thin films. From the spectra one can observe that there are three absorptions bands 

for each sample. The bands of  the pure PANI thin films are located at 350 nm, 444 nm and 

788 nm. The absorption peak at around 350 nm is attributed to π – π* transitions, the bands at 

444 nm and 788 nm correspond to transitions  π to polaron and polaron to π*  respectively [9]. 

As expected these three bands should appear in the UV-Vis spectrum of the conducting 

emeraldine salt polymer. From the absorbance spectra it can be seen that the increasing of  the 

weight percentage of f-MWCNT causes  the peaks to shift to higher wavelength region, the 

reason for the band shifting is due to the new excitation energy levels created by f-MWCNT 

near the band gap of material [10]. Also there is an increase in the absorption magnitude as the 

weight percentage of  the f-MWCNT increase. The obtained absorption bands are in good 

agreement with that reported in the literature [11].  

 

 
Figure. 1: The absorbance spectra  for a pure  PANI and PANI / f-MWCNT thin films 

 

The absorption coefficient  cm-1 is calculated in the fundamental absorption region using 

Lambert law [12]; 

  
- α t

oI=I e
                       (1)  

Where I  and I are the intensity of the incident and transmitted light respectively. If ( I / I ) = 

T  then   α=Ln (1/ T )/t                                                                                                                                 (2) 

Where  T is a transmittance  and t is a thickness that has a value of about 200±20 nm for all 
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samples. The absorption coefficient is very important property of a material. The ability of 

material to absorb light radiations is based on the value of absorption coefficient, aslo it is 

represented a key parameter for designing many optoelectronic components like  photovoltaic 

cells, photodiodes and photo-detectors photo-detectors. Figure 2 shows the variation of the 

calculated absorption coefficient of the pure PANI and PANI/f-MWCNT as a function of the 

incident photon energy. It can be seen from Figure 2 the abosrption coefficient for all samples 

is greater  than 104 cm-1 and this confirms that the type of the transition is the direct allowed 

transition[13]. Also from curves it is noticed that the abosrption coefficient increases with the 

increase of the weight percentage of the  f-MWCNT . 

 

 
 

Figure. 2: The variation of  α vs. photon energy for PANI and PANI / f-MWCNT thin films 

 

Optical absorption spectra are  considered  one of the most important tools  to compute  the 

optical energy gap (Eg) of organic and inorganic semiconductors. Energy gap is of fundamental 

importance , since  the energy gap specifies the electrical conductivity and optical absorption 

character of the PANI. In many amorphous materials, photon absorption is found to obey the 

Tauc relation [14], which is of the form:            
n

gαhv=A(hv-E )                                                                                                                          (3)  

 where α is the absorption coefficient, hv is the photon energy, Eg is the optical band-gap, A is 

a constant depending on the material's properties and n is a constant which can take various  

values depending on the type of electronic transition, for the direct and indirect allowed 

transition = 1/2 or 2, respectively. The best fit line is obtained for  the direct allowed transition  

n= 1/2 .   

Figure 3 shows the variation of (αhυ)2 with photon energy (hυ) for direct allowed transition to 

pure polyaniline and PANI/ f-MWCNT thin films. The optical energy gap are determined from 

this fig. and listed in Table 1. It can be seen from the Table (1) as the f-MWCNT content 

increases  the optical band gap decreases, from 2.59 eV to 2.45 eV. The reduction in the optical 

band gap is due to the modification of the  polymer structure  as result of the interaction  of f-

MWCNT with polyaniline.[15] 

 

 

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

2.50E+05

3.00E+05

1 2 3 4 5

Photon Energy (eV)

4% M

6 % M

8% M

Pure

A
b

so
rp

ti
o

n
C

o
e

ff
ic

ie
n

t 
(c

m
)-1



Theo. Exp. NANOTECHOLOGY 15 (2019) 47– 55 51 

 
Figure. 3 : The variation of   (αhv)2  vs. (hv) for  a pure  PANI and PANI / f-MWCNT thin 

films 

 

 

Table 1 :The optical energy gap values of pur polyaniline and  PANI/ f-MWCNT  thin films. 

f-MWCNT 

content (wt%) 
Eg (eV) 

Pure 2.59 

4% 2.53 

6% 2.46 

8% 2.45 

 

The extinction coefficient is a parameter that determines by how much light intensity will be  

reduced as light moves a distance x through the medium. The Ko is calculated by the 

following equation[16]: 

0

α λ
K  =

4π                                                                                                                             (4) 

where    λ : is the wavelength of incident rays 

Figure 4 illustrates the variation of extinction coefficient Ko with the photon energy. The 

behavior of  the extinction coefficients of a pure  PANI and PANI/f-MWCNT thin films is 

similar to that of the absorption coefficient since they are related each other by equation (4). 

 

 
Figure. 4 : The variation of  Ko vs. photon energy for PANI and PANI / f-MWCNT thin 
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films 

 

The refractive index is a ratio between the velocity of light in a vacuum to that of light in the 

medium . its value  can be computed by using the following equation [17] :  

 

 
 

 

 

1/2
2

2

o2

1+R 1+R
n = - K +1 +

1-R1-R

 
 
         

Where R is a reflectance. Figure 5 demonstrate the variation of the refractive index  n with the 

photon energy. The refractive index curve of the pure PANI  is observed as a concave curve in 

the range of photon energies (2.1 to 2.6) eV, also it is seen that in this range the higher the 

weight percentage of the f-MWCNT content, the more flat the curve becomes. This means the 

value of the refractive index becomes approximately constant in this region. 

 

 

 
 

Figure. 5 : The variation of   n  vs. wavelength  for PANI and PANI / f-MWCNT thin films 

 

 

The complex dielectric constant ε is the material's ability to polarize, whose expression is giv

en by the following equation [18]  : 

 

ε= (n*)2= (n+iKo)
2                                                                                                                   (6) 

But the complex dielectric constant has two parts as . 

 ε = ε1 +iε2                                                                                                                                (7) 

         Where ε1 and ε2 represent the real and imaginary parts of complex dielectric constant and they 

are illustrated by the following relations:  

ε1 = ( n2   -  Ko
2  )                                                                                                                     (8) 

ε2 =  2 n Ko                                                                                                                               (9)                      

           The two parts of the dielectric constant which are varied with photon energy are  shown in 

Figure 6 and 7  for pure PANI and f-MWCNT thin films. As the values of  K2
o is small 

compared to that of n2, so the overall variation of  ε1 will rely on  the n2  values , while ε2 is 

based on  the K2
o values that associated with the absorption coefficient variation. 
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Figure 6: The variation of ε1 vs. photon energy for  PANI and PANI / f-MWCNT thin films 

 

 

 
 

Figure. 7 : The variation of ε2 vs. Photon Energy for  PANI and PANI / f-MWCNT thin films 

       3.1 FT-IR Studies 

        

FTIR spectroscopy is a good selection for both organic and inorganic materials to study the m

olecular structures and their bonding.The unidentified elements present in the sample can also

 be identified. FTIR spectra of pure PANI and  PANI / f-MWCNT nanocomposites thin films  

in the region of (650–2500 ) cm−1 were illustrated in Fig.(8). The characteristic band  peaks for 

pure polyaniline occurs at  1556, 692, 1235, 830, 1450 and 1280 cm−1.  The  C=C stretch 

absorption of aromatic compound was obtained at 1556 cm-1, The C–Cl stretching peak appears 

in the band peak 692 cm-1 confirmed  the Cl- doping of the synthesized polyaniline films in 

HCL [19]. The peak around 1235 cm−1 is assigned to stretching of C–N+• polaron structure 

that corresponds to the electrically conductive form of doped PANI [20]. The band 832 cm−1 

corresponding to aromatic ring out of plane deformation vibrations which belongs to C–H  

deformation in the para–disubstituted ring [21]. The band near 1450 cm-1 may be obscured by 

the aliphatic C–H deformation vibration, finally the band peak 1280 cm−1 is attributed to C–H 

plane bending[22]. In comparison with PANI, the characteristic vibrational peaks of PANI  are 
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also appeared in the PANI/f-MWCNT composites FTIR spectra and  the transmission peak 

intensities of  PANI/f-MWCNT composite are lower than pure PANI, indicating the interaction 

between the  f-MWCNT and the polyaniline matrix was taken place [23].     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 8 : FTIR spectra of PANI and PANI / f-MWCNT thin films 

 

             

3. Conclusion      

 

           The PANI and PANI/f-MWCNT thin films are successfully deposited on a glass substrates by 

in-situ chemical polymerization method. The optical energy gap is effected by the addition of 

a f-MWCNT to PANI matrix, it was  (2.59 eV) for pure PANI sample and reduced to (2.45 eV) 

for  the f-MWCNT of 8 w %. Also all the other optical constants are varied with  the increase 

of the f-MWCNT. The FTIR measurement revealed the formation of  PANI by displaying the 

characteristic band peaks belongs to it. The width and the intensity of the tansmittion peaks are 

impacted by adding the  f-MWCNT that indicated the interaction between the f-MWCNT and 

the polyaniline matrix was taken place. The optical characteristics of all samples indicate that 

they are  an organic semiconductor. According to this, promising results in photovoltaic and 

optoelectronic devices are expected .    
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Surface Plasmon Resonance (SPR) is the charge density excitation oscillation (surface 

Plasmon’s, (SP)) caused by the polarized light along with the metal-dielectric interface by 

agreeing to phase-matching condition between polarized light and SPR. SPR method has 

unusual advantages like label-free, real-time and high resolutions with less than 10-7 RIU which 

is not consenting with other sensing methods. Photonic Crystal Fiber (PCF) presents unique 

features like design elasticity, geometric flexible and extraordinary guiding mechanism which 

head for better performance contrast conventional optical fibre, Additionally, the presence of 

air holes gives the possibility to insert multi able materials, that can recognize the interaction 

of travelling light and materials operatively. Adding the advantages of PCF to the properties of 

SPR, lead to design very strong and unique devices in different applications. In this paper, the 

PCF sensor based on SPR technique had been presented. The inner holes of PCF were coated 

with silver and then filled with air and ethanol. This was achieved theoretically by Finite 

Element Method (FEM). When the phase-matching condition was achieved at a fixed 

wavelength, the energy of the core-guided mode is shifted to the plasmon area and a resonant 

loss peak is observed at this wavelength. The simulated results show that a blue shifting is 

obtained when the outer air holes of PCF is filling with ethanol while the inner ring is filled 

with silver nano-particles. The maximum resolution and sensitivity are 5.66*10-4 RIU, 132.3 

nm/RIU respectively in the sensing range of air refractive index to ethanol refractive index are 

obtained. The submitted design could be very useful in many fields like refractive index and 

temperature sensing applications. 

  

 

 

Keywords: Temperature and Refractive index optical fibre sensors, Silver nanoparticles, 

Surface Plasmon Resonance, Finite Element Method. 
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1. INTRODUCTION 

 

Now a day, the invention of the novel Photonic Crystal Fiber (PCF) leads to improving 

photonic technology in an unbelievable way in the sensor field. The use of PCF becomes very 

important in the sensor field because of their flexible structure which has ether bandgap or 

modified total internal reflection as a propagation phenomenon that is not available in the 

conventional fibre. The advantage of the microstructure holey fibre over conventional optical 

fibre which is an important factor that supports unparalleled sensing properties such as (i) single 

silica material is the background of PCF material. (ii) Several array designs of air holes. (iii) 

adding liquids and gases inside the PCF air holes gave them high advantages in the field of 

optical fibre sensors [1].  Very wide applications of PCF sensor in multiple fields like medical 

applications include biosensing, bioimaging, and drug detection, in addition in the field of food 

safety and gas and liquid sensors [2]. The amazing features of PCF make them very important 

in the field of sensing applications due to their high sensitivity, good performance, flexible and 

hand able design due to ability of infiltrated them with sensing agent (liquid or gas). Surface 

Plasmon Resonance based sensors get high attention in optical fibre sensor scientific committee 

Due to their very good properties like they could detect and analyze the required agent and high 

sensitivity and resolution, so this makes them applied in a wide field of applications. Like 

medical and biological sensors with real-time monitoring like detection of chemical and 

biological agents, glucose monitoring, disease detection. Also in the field of environmental 

monitoring like water quality testing, maintain food [3-6]. Also in the field of terahertz sensors 

[7], and SPR sensors [8-10]. Plasmonic optical fibre sensors are the results of SPR 

phenomenon. This Phenomenon happened when we have dielectric (silica fiber) – metal (gold 

for example) interface with a micro or nano- layer metal when the guided propagation modes 

couples with Surface Plasmon Polariton (SPP) mode under the conditions of phase-matching. 

When this condition is achieved to excite the plasmonic a resonance is occurred and the surface 

plasmon wave on the meatal will adsorbs most of the energy of the guided modes, thus gate a 

high loss spectrum at the resonance wavelength.  This condition is very effected by the variable 

refractive index of the material closed to the metal layer. This variation could be due to the 

changing in solution concentration, the refractive index of the analyte, applied strain or stress 

which is lead to changing in resonance wavelength dip. This could be very good signs to 

improve sensor characteristics [11]. 

 

The SPR based sensors depend on the evanescent field of propagated modes in optical fibers, 

these leakage modes coupled with the SPP modes and when the condition of phase –matching 

achieved; the resonance will have occurred. There were many parameters affected the process 

like the meatal layer thickness which had to be in the nanometer range. Also the type of the 

material, gold is preferring due to not oxidization of them [12,13]. The advantages of both PCF 

and SPR lead to amazing sensing schemes reported in many articles. The dual-core PCF with 

gold layer thickness equal to 40 nm, the device was fully immersed in the liquids and obtained 

a sensitivity of about 725.89 RIU-1 [14]. Santos et. al presented D-type PCF-RI sensor based 

on SPR with a planar structure, where the conventional metal film is replaced by a metamaterial 

[15].  Peng et al. proposed a temperature sensor based on SPR the sensitivity was 720 pm/°C 

[16] and Mahmood et al submitted a PCF sensor based on SPR technique for environmental 

monitoring purpose. 

In this paper, the PCF sensor based on SPR technique had been presented. The inner holes of 

PCF were coated with silver and then filled with air and ethanol. This was achieved 

theoretically by Finite Element Method (FEM). The submitted sensor could be a reference to 

develop and manufacturing chemical, biological and temperature sensor with high sensitivity. 
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Besides, the ability of remote and real-time sensing with compact structure and increase the 

sensing dynamic range. 

 

2. EXPERIMENTAL 

 

The designed simulation model was a Large Mode Area PCF (LMA-PCF) had a hexagonal six 

air hole rings centered around the solid core as clear in Fig. 1. The propagated modes will be 

speared in the cladding air holes area. The dimension of the model was as following; hole to 

hole spacing (Λ) equal to 0.75 µm, the air hole diameter (d) 0.3 µm, normalized air hole size 

(d /Λ) equal to 0.4, and core diameter (r) around  4 µm.  The thickness of the metallic silver 

layer (t) is about 0.3 µm. The refractive index of the fibre background material which is silica 

was 1.45. In this work, the air holes of the designed models are filled with ethanol to detect the 

wavelength resonance. 

 

 
Figure 1 Schematic illustration of the proposed SPR-PCF sensor. 

 

The Finite Element Method had been chosen to simulate the model through the simulation 

program COMSOL Multiphysics (version 4.4). here we chose a Perfectly Matched Layer 

(PML) as a boundary condition. The FEM had allowed the success an investigation of the 

experiment with the definition of mode and calculating the plasmonic mode through finding 

the complex propagation constant.   In FEM sampling of the field at the nodes of an irregular 

mesh based on the construction of sub-elements within the structure will be considered. For the 

submitted model, the calculations of the field equations are represented discreetly in a system 

of algebraic equations and are solved by an eigenvalue method. The necessity of analyzing the 

field with different resolutions in different regions of the simulation domain force us to use the 

FEM, and thus provides a compromise between accuracy, resolution and consumption of 

computer memory resources. Here we chose extra finer mesh to get high resolution. the total 

number of mesh elements is 95562. The simulation for modal analysis is done in XY plane 

while light propagation is along the Z direction. 

 

The propagation of light in a nonmagnetic optical medium is governed by the Maxwell 

equations [8]: 
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∇ × 𝐸(𝑟, 𝑡) =  −𝜕𝑡𝐵(𝑟, 𝑡) ∇ × 𝐵(𝑟, 𝑡)       
                      
=  𝜇0 𝜕𝑡 𝐷(𝑟, 𝑡)                                                                                                                                  (1) 

 

where 𝐸(𝑟, 𝑡) is the electric field,  𝐷(𝑟, 𝑡) is the electric displacement, 𝐵(𝑟, 𝑡) is the magnetic 

induction and 𝜇0 is the magnetic vacuum permeability. Combining these two equations, using 

continuous harmonic waves of the form 𝐸(𝑟, 𝑡) = 𝐸(𝑟, 𝑤)exp (𝑖𝑤𝑡)   and the  constitutive 

relation 𝐷(𝑟, 𝑤) = 𝜖0𝑛2(𝑟, 𝑤)𝐸(𝑟, 𝑤) yields the wave equation [8]:  

 

∇ × ∇ × 𝐸(𝑟, 𝑤) − 𝑘0
2𝑛2(𝑟, 𝑤)𝐸(𝑟, 𝑤)

= 0                                                                                                                             (2) 

 

 

 

With r=(x,y,z) and where 𝜇0𝜖0𝑤2 = 𝑘0
2, 𝑤 is the angular frequency, 𝜖0 the permittivity of 

vacuum and n(r,w) is the index of refraction, this parameter is a complex one consists of real 

and imaginary part and it could be calculated as following [8]: 

 

 𝑛(𝑟, 𝑤) = 𝑛𝑟(𝑟, 𝑤) +
𝑖𝑛𝑖(𝑟, 𝑤)                                                                                                                                          (3) 

 

The details of solving the above equations found in [8]. For the requirements of FEM, the cross-

section of the designed sensor had been divided into triangular elements through selecting 

appropriate meshing. These triangles different in their shapes, sizes, and refractive indices 

according to sensor area. To get high resolution an extremely finer mesh had been selected. 

The material of the designed sensor model was pure silica. The presence of air holes of the 

cladding structures leading to from a especial type of losses called the confinement losses or 

leakage losses Lc ; Lc  in dB/m is given by [8]: 

𝐿𝑐 = −20 log10 𝑒−𝑘0𝐼𝑚[𝑛𝑒𝑓𝑓]

= 8.686𝑘0𝐼𝑚[𝑛𝑒𝑓𝑓]                                                                                                 (4) 

 

Where (𝑘0) free space propagation constant, and Im[neff] is the imaginary part of the complex 

effective refractive index (neff). The resolution (R) and the sensitivity (S) were obtained from 

the equations (5) and (6) respectively [8]: 

 

𝑅(𝜆) =
1

𝑆(𝜆)
Δ𝜆𝑚𝑖𝑛

=
Δ𝜆𝑚𝑖𝑛Δ𝑛

Δ𝜆𝑝𝑒𝑎𝑘
                                                                                                                                          (5) 

 

𝑆(𝜆)

=
∆𝑛

∆𝜆
                                                                                                                                                      (6) 

 

where 𝜆𝑚𝑖𝑛 is the minimum wavelength value between two spectral lines that can be detected, 

and 𝜆𝑝𝑒𝑎𝑘 is the wavelength shift of the resonance peak obtained  for the different external 

refractive indices values (n). 

In the submitted work, the Gaussian –lime modes were used. This is considered as the best way 

which is suited for the excitation by standard Gaussian laser sources. Theoretically, phase 
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matching requires equating the propagation constants of the core guided mode and the plasmon 

mode, implying that the effective refractive index of the two modes has to be close which is 

achieved very well at our model. 
 

 

3. RESULTS AND DISCUSSION 

 

To perform the characteristics of the proposed sensor; the air holes of the LMA-PCF sensor 

based on SPR were infiltrated with air and ethanol, to detect the optical wavelength resonance 

of wavelength range (0.5-0.85) µm. The electromagnetic solver had been chosen to numerically 

simulate and investigate the PCF-SPR sensor, the core-guided modes and Surface Plasmon 

Polariton (SPP) mode were recorded. The single-mode Gaussian distribution output for the 

selected wavelength shown in Fig. 2. The fundamental Eigen mode at wavelength ranges (0.5-

0.85) μm was assumed to be the input field. depending on the refractive index of analyte in this 

case (air and ethanol) the Eigenvalues which are effective refractive index were calculated 

through Maxwell equations for core and SPP modes for the corresponding wavelength ranges 

for air and ethanol as shown in Figs. 3 and 4 respectively. Then the resonant curves for air and 

ethanol had been studied by investigation the resonant properties of the submitted PCF-SPR 

based sensor through the calculation of confinement loss for air and ethanol using equation 4. 

 
(a) 

 

 
(b) 

Figure 2 Electric field distribution of fundamental mode right pictures for core mode while 

left for SPP mode for selective wavelength 0.8 μm, (a) air-filled PCF, (b) ethanol filled PCF. 

 

The main idea of the proposed SPR- sensor is to detect infiltrated liquid by FEM and creates 

plasmon to detect the variation of absorption of light by expected materials, which is ethanol. 

Figure 2 shows the 2D views of mode field profiles in case of empty PCF and infiltrated PCF. 
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The operating wavelength ranges (0.5-0.85) μm.  Here we select an example of these modes 

which is 0.8 µm. It can be observed that the fundamental mode is more strongly bonded in the 

core region of the presented sensor due to high confinements this represents the core modes 

(right side figures). while there is a significant effect of the formation of cladding air holes and 

infiltrated one on-field profile due to SPR resonance (right side figures) which is clearly have 

high losses due to the resonance process. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 The dispersion relation of PCF-SPR, blue spectrum presents the confinement loss 

for PCF sensor filled with air. 

 

 
Figure 4 The dispersion relation of PCF-SPR, blue spectrum presents the confinement loss 

for PCF sensor filled with ethanol. 
 

From Fig’s. 3 and 4 when the real part of the obtained effective refractive index of belongs to 

core and SPP mode intercept in specific optical wavelength, this means the phase match 

condition is achieved. Also, this is mean a very strong mode leakage on the metal layer (silver 

nanoparticle layer) has occurred so we get a high confinement loss (blue line in Fig. 3 and 4). 

Depending on the small change of analyte refractive indices (air and ethanol), the real part of 

the effective refractive index of SPP mode changing, which causes the variation in the phase-

matching wavelength between the core guided mode and the SPP mode.  The resonant 

wavelengths for the submitted samples were shown in Fig. 5. The designed sensor has resonant 

countenance through the depending on the resonant wavelength on the refractive index of the 

infiltrated liquid, the maximum resolution and sensitivity are 5.66*10-4 RIU, 132.3 nm/ RIU 

respectively in the range of air and ethanol sample which was calculated through equations 5 

and 6 respectively. 
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Figure 5 Peak loss for each sensor, the dashed line represents resonant wavelength. 

 

The proposed sensor is very sensitive in response to the changing of the refractive index of the 

analyte, and also to the small change in analyte refractive index which is lead to a large shift in 

the loss peak. The peak wavelength shift results obtained by varying the analyte refractive 

index. The real part of the effective refractive index of plasmonic mode depends strongly on 

the vicinity layer of the analyte refractive index. Due to the small change of analyte refractive 

index, the real part of the effective refractive index of SPP mode changes, which causes the 

change of the phase-matching wavelength between the core guided mode and the SPP mode. 

 

 

4. CONCLUSIONS 

 

Surface Plasmon Resonance sensor based on Large Mode Area Photonic Crystal Fiber (SPR-

LMA-PCF) coated with silver nanoparticles has been presented in this work. The inner air hole 

ring was infiltrated with silver nanoparticle to make a metallic layer to achieve an SPR 

phenomenon. The other air holes rings were infiltrated with air and ethanol to study the 

resolution of the submitted sensor. The real part of the effective refractive index of the core 

and SPP mode were calculated over a wavelength range (0.5-0.85 µm) through the FEM. The 

imaginary part was taken to calculate the transmission loss of the sensor. The identity of filled 

material detects through recognizing the peak of the transmission loss spectrum corresponding 

to the resonant wavelength of the SPR-PCF based sensor. 

 The maximum resolution and sensitivity are 5.66*10-4 RIU, 132.3 nm/RIU respectively in the 

sensing range of air to ethanol refractive indices are obtained.  The submitted PCF-SPR based 

sensor introduce accurate and good resolving for optical signals which is coming from 

infiltrated materials which can be within a very small range in the refractive indices of air and 

ethanol, these types based sensors could be very important in the field of temperature and 

refractive index sensing applications. 
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The modified Callaway model is used to calculate Lattice Thermal Conductivity (LTC) for 

(20-nm) silicon nanowires diameter in the temperature range from 2K to 800K. Acoustic 

phonon mode and group velocity in the calculations are modified by spatial confinement of 

phonons with that of the boundary effects. All important scattering rates such as Umklapp, 

Mass difference, Resonance, and Boundary are calculated at room temperature. Room 

temperature LTC for this diameter is about only 10.23% of its bulk value. Numerical 

evaluation is also investigated and the results are compared to that of the reported 

experimental as well as theoretical data. 

 

 

Keywords: Silicon nanowires; thermal conductivity; spatial confinement; phonon scattering.                                            

 

1. INTRODUCTION 

 

Thermal properties of semiconductor nanostructures are beginning to attract researchers in 

the last decades.  It begins with quantum confined structure explanations for a continuous 

scaling down of the size in microelectronics devices and circuits. The case leads to an 

increase in power dissipation per unit area of a semiconductor chip to that of nanometers 

[1,2]. Scientists also attracts to the   field of thermoelectric materials. Particularly the 

nanowires for their interesting technological applications, including visible and infrared light 

emitting diode, optical sensors, and solar cells. [3,4]. There exists a large amount of literature 

on thermal properties of nanomaterials, for example, Zhang et al. [5] studied the effect of 

length, diameter, orientation, shape and cross-section effects on thermal conductivity of 

silicon nanowires. Recently Guofeng et al. [6] studied the effect of Phonon coherence on 

lattice thermal conductivity of both superlattice and core–shell nanowires. Ibrahim et al. [7] 

showed the Carrier concentration effect and other structure-related parameters on lattice 

thermal conductivity of Si nanowires. Zhongwei et al. [8] investigated theoretically and 

experimentally the size-Dependent Phononic Thermal Transport in Low-dimensional Nano-

materials. Researchers confirm that thermal conductivity in nanowires is suppressed due to 

two reasons, first as the diameter of the wire reduces to the order of phonon mean free path in 

the originally bulk materials, e.g. on the order of 10-100nm, phonon scattering by the 

mailto:Abdulrahman.suliman@su.edu.krd
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boundary reduces the thermal conductivity, the second reason is that due to the size 

confinement, that the phonon frequency   versus wave vector q depression is modified from 

that of the bulk [9]  

In this work, attempts will be made to calculate lattice thermal conductivity of 20 nm 

diameter silicon nanowires by using a relation applicable for bulk state with a modifications 

of acoustic phonon dispersions and group velocity under the phonon confinement effects. 

 

2. THEORY 
2.1. Phonon Boltzmann transport equation 

 

The general form of thermal current is;-  

  JQ =-K T                                                                                                                              (1)                                                                                                                                     

The phonon heat current under T which is a temperature gradient is given by; 

JQ =-Σ Ñq.s ћS (q) VS (q)                                                                                                        (2) 

where ћS(q) and VS(q) are phonon energy and its group velocity in the direction of q, which 

contributes ћS(q).VS(q) to the heat current, (s) refers to a particular phonon polarization 

type.                                                                                                      Ñq.s =No
q.s –Nq.s  is the 

deviation of the phonon distribution, from its equilibrium value , and  its given by the Bose-

Einstein distribution [2,10,11];-  

1

1
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                                                                                                               (3)                                                                                                                                                                                             

In order to obtain LTC, Boltzmann equation for Nq.s to be solved as follows; 

For a steady state case, the phonon Boltzmann equation can be written as [2,3,10]:-                                                                                            
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where (  Nq.s/ t )drif  represent the change of the phonon distribution according to T , in the 

form : T
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However  Values of Nq.s are affects by  scattering with  other phonons, impurities, charge 

carriers, interfaces, boundaries, etc. all  denoted to eq (4) by (  Nq.s/ t )scatt. In the relaxation-

time approximation this can be written as [2,10,13]:-  
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where τCs(q) is the combined phonon relaxation time. Substituting eq. (5) and eq (6) in eq. (4) 

will give the phonon Boltzmann equation to a form: 
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where Vx, Vy, and Vz are the three components of phonon group velocity along the x,y, and z 

axis, respectively. 

For free standing nanowires under a temperature gradient along z axis, eq. (7) becomes: 
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For a small phonon distribution deviations from its equilibrium,  
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(  Nq.s/ T) can be changed to (  Nq.s/ T). Then the linearized phonon Boltzmann equation 

of eq. (8) takes the form [2,3]:                                                         
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                                                             (9) 

 

2.2. Calculations of the lattice thermal conductivity 

 

For simplicity, the subscript q and s will be omitted, in the bulk state; the solution for Eq(9) 

will have the form: 
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N can have further form of: 
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Equations (11), (3) and (2) gives a regular bulk formula for lattice thermal conductivity in the 

form [10],  

                                                    (12)         

Equation (12) is the Klemens-Galloway's expression for LTC in the bulk state, where x= ћ 

ω/KBT, ћ is Dirac constant, τc is the combined relaxation time, and vg and D is the phonon 

group velocity and Debye temperature respectively [2,3,10]. Callaway considered this 

phenomenological model in which he treated the speed of sound as a constant parameter. His 

calculations contained acoustic branches, while the contribution of the optical modes is 

neglected [12]. For nanowires eq (12) is used with an appropriate modification of the phonon 

group velocity with that of the combined relaxation time. Since phonon waves have different 

velocity and different energy [2,10]. 

 

2.3. Phonon dispersion and group velocity 

 

The acoustic phonon dispersion in free standing nanowires are calculated by considering only 

the in-plane transport in the well and the main contributions, that  comes from the modified 

longitudinal acoustic phonons . 

 For nanowires with a diameter D, the confined phonons dispersion relation can be written as 

[10]:-  
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           (13) 

where J0 and J1 are ordinary Bessel functions and  q is the phonon wave vector  ,the two 

parameters qt   and qd  are related by :                                                                                                 
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                                                                                                                  (14) 

Her vl =√(+2)/  and  vt =√/ are the longitudinal and transverse sound velocity in the 

materials bulk state respectively, , , is lame constant and   is the density. The phonon 

dispersion relation is written as:-  
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2/12

,

2

, )( tndtdn qqv 
                                                                                                    (15)          

where ωn is the phonon frequency for the nth branch. Numerically solving this equation with 

that of Eq. (13) give the phonon dispersion   curve for five values of q as shown in figure (1); 

 

 

 
Figure 1 Acoustic phonon dispersion relation for five lowest confined branches in a free-

standing silicon nanowire having a diameter 20 nm, can be seen that spatial confinement 

leads to flattening the phonon branches.        

 

The phonon group velocity is calculated for each branch by using the relation, 
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d
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                                                                                                                (16)                                                                       

Since different branch have different group velocities, then this averaged overall contributing 

branch and calculated by using the following population averaged phonon group velocity 

equation [2,10,12,13]: 
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Hence  vg,n and Nn(ω) are  group velocity, number of the oscillator having  frequency ω for  the 

nth mode respectively ,   index n refer to  different s (mode) branches. According to this 

equation, the average group velocity versus phonon energy is obtained for 20nm nanowires 

diameter drawn as shown in figure (2), and the results are used to calculate its LTC.   
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Figure 2 Population averaged phonon group velocity as a function of phonon energy. The 

overall value of the average phonon group velocity is (5.76×105 cm/sec) which is about half 

of the phonon group velocity in the bulk (8.47×105 cm) (violet line) 

 

2.4. Phonon relaxation times 

 

The combined phonon relaxation time C is obtained from the Mathiessens rule [8]: 

 
RMBuC 

11111
                                                                                                          (18)                            

Here, u is the three-phonon Umklapp scattering and is due to the inharmonic nature of the 

crystal potential energy, M is the mass- difference scattering of phonons, R is resonance 

scattering and B is relaxation times due to boundary [13]. 

However, Phonon spatial confinement lead is to modification of the phonon dispersion 

and phonon group velocity, and hence to a change of phonon scattering rate. 

 The relaxation time for Umklapp scattering given by Klemens as:- 
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Hence γ is the Gruneisen anharmonicity parameter,  is the shear modulus V0 is the lattice 

volume, and D is the Debye frequency [2,10,13]. 

The relaxation due to the mass- difference scattering is calculated according to the 

following expression, 
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where Γm is the measure of the effect of the mass-difference scattering defined as: 

Γm = Σfi [(∆Mi /M`)2                                                                                                              (21) 

where, fi is the fractional content of mass MI, it is different from M. the mass of the main 

atom, and ∆Mi = M- Mi, for M` to given by:  M`= Σfi Mi, which is the average atomic mass.  

Since natural silicon contains a mixture of three main isotopes of 92% of Si28, 4.9% of Si29, 
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and 3.1% of Si30, then the isotope scattering significantly contributes to the thermal resistance 

of the material [2,13].  

 

Resonance scattering R which is the process of phonon interaction with point defects that 

have some internal frequency of oscillation 0, and can be calculated according to the 

following relation, [14]  

  22
2

22

21






 


R

R
                                                                                                   (22) 

where R depends on the point defects concentration, and  is damping related parameters, it 

is  chosen to be zero, since,   ≥ 0 does not affect the calculation results [14,15].  

B which is the Boundary scattering rate is calculated by the following modified relations 

[10]: 
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Here p is the roughens parameter. it represents the probability that the phonon is undergoing a 

specular scattering event at the interface, p =1, means purely specular scattering. For purely 

diffuse scattering the equation reduces to; 
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This is the well-known formula in the Casimer limit [13,16]. Figure (3) shows all scattering 

rate of phonon as a function of frequency obtained from equation (18) to eq. (24). 

 

 
Figure 3 The phonon relaxation rate in a silicon nanowires of diameter D=20nm,   due to 

different scattering mechanisms as a function of the phonon frequency such as ; Umklapp 

(U), Mass- difference (M), resonance scattering (R)  and Boundary scattering as a function of 

frequency at (300K). 
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3. RESULTS AND DISCUSSION 

3.1. Calculation lattice thermal conductivity and different type of scattering 

 

First, the dispersion relations of confined acoustic phonon modes in a free-standing 

cylindrical nanowire with a particular diameter. The numerical parameter used in the 

numerical solution was: 

  vl = 8.478 10
5

   cm/sec and   vt = 5.846 10
5

 cm/sec, are both obtained from the relations: 







4411, CC
td 

 , Where C11and C44 are elastic constant [17]. Figure (1) shows 

that only the first branch has a linear dispersion relation particularly for very small values of 

q, q = 0 gives  = 0, that is the lowest mode for the confined phonon without having cut-off 

frequency unlike other higher mode. Due to the phonon confinement in nanowires extra 

branches of dispersion and velocities are produces for each polarization type in compared 

with the bulk state [10,13]. Theses phonon confinement, lead also to flattening the phonon 

dispersion branches and decrease the phonon group velocity in the nanowire. However, 

spatial confinement of the phonon can cause its quantized energy.  Each q of the phonon give   

different values of energy, the latter is because the reduction in the dimension of sample leads 

to increase the effect of surface on the internal unit cells. In this case distortion in the 

potential periodicity at the surface, distorts the potential of the unit cells. The closer the unit 

cells to the surface the more influenced by the surface effect [23,18]. Phonon confinement 

cause changes in the dispersion relation.  Such changes can modify the group velocity to a 

form suitable to obtain LTC in nanoscale solids. This means a lower values of effective 

phonon group velocity for a low dimensional structure compared to the corresponding bulk 

state material [19].    

The overall value of the average phonon group velocity which is obtained, equal to (5.76×105 

cm/sec), where it is about half of the phonon group velocity compared to that of the bulk. 

This result is due to phonon spatial confinement that lead to a modified dispersion relation 

and consequently changes the group velocity in the nanowires. The longitudinal sound 

velocity in the bulk Si is equal to (8.47×105cm/sec).[2,12]. The higher values of the phonon 

energy it oscillates about a constant value, and asymptotically reaches to a value of 5.2×105 

cm/sec.  

Combined phonon relaxation rates calculated by using eq. (18). Following material 

parameters that have  been used in the calculations: Gruneisen parameter γ= 0.56, density = 

2.329×103 (kg/m3). The shear modulus which was estimated from the formula, ( = vt
2) and 

was ( = 7.96×1010 Kg/ sec2.m), isotopic factor Γ=2.5×10-4, lattice volume V0=2.002×10-29m3 

and cut-off frequency c =5.43×1012 (1/sec) [13]. For bulk state, the Umklapp scattering 

dominate over all scattering rates [13], while in nanowires the boundary scattering is 

dominates over all the scattering rate as shown in Fig(3).  Perils point out that boundary 

scattering will become dominated when the phonon mean free path approach crystal 

dimension.  For wires having a diameter of (D  30-nm) the boundary scattering will 

dominate over all scattering process. [4,13,16]. 

For bulk material, the boundary scattering regime occurs only at low temperature, when the 

phonon mean free path becomes comparable to the sample size [21]. For nanoscale size 

materials, the phonon mean free path may reach the sample dimension even at room 

temperature. Resonance scattering mechanism can lead to a significant increase in the 

relaxation time but its influence is localized in the vicinity of the resonance frequency 0 [10, 

17]. However, for higher carrier concentration, resonance scattering becomes more important, 

and its effects reaches to the level of that of other relaxation mechanisms, the boundary 
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scattering is dominates over all the scattering process until it reaches to a frequency equal to 

8× 1012 (1/sec) as shown in Fig(3), and this is due to the long wave length of phonons at this 

range of frequency, therefore, phonon wave does not sense of the impurity at this range.  

After group velocity is found, the LTC calculated in the temperature range of 2-800K by 

using eq(12), and the results compared  with that the bulk value.  In order to illustrate the 

contribution of different scattering mechanisms to the thermal conductivity, it is limited only 

by the scattering process of Umklapp, mass-difference, and boundary scattering. Umklapp 

scattering effect on LTC at low and high temperature. The lattice thermal conductivity in 

silicon Nanowires at 300K is reduced to about 40% of its bulk value [13] .i.e, Umklapp 

process cases to drop the lattice thermal conductivity to about 2.5 times of the bulk values  

due to the spatial confinement of phonons as shown in Fig (4). 
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Figure 4 Lattice thermal conductivity as a function of temperature for silicon free-surface 

nanowire of diameter D=20nm. Calculated using effectively bulk formula in a cylindrical 

nanowires and bulk silicon at; A) low temperature, B) high temperature. According to this 

model the lattice thermal conductivity in the wire is reduced to about 25% of it is bulk value 

at 300K. The effect of Umklapp scattering on thermal conductivity (U), the Umklapp and 

mass-difference scattering only (U+M), and by all processes including boundary scattering 

(U+M+B). 

For nanowires, the boundary scattering will become much more significant even at a higher 

temperature. Phonon transport in nanowires will experience stronger boundary scattering and 

depending on the boundary properties [12,13,23]. 

 

 

 

 

 

3.2. Comparison result with other models 

 

Because the experimental and theoretical data for the 20 nm diameter Nanowires of silicon 

was not available to compare. In order to have comparable results to this work.  Values of 

LTC for Si nanowires (20 nm) were calculated by using empirical relations obtained from the 

experimental data reported by Deyu Lie [22] as shown in figure (5).   

 
  

Figure 5 Temperature dependence lattice thermal conductivity for Si nanowires, theoretical 

result represent by (solid line) and dashed lines  and  represent   Experimental result, from 

Deyu Lie work [22].  The numbers above lines denotes the corresponding different wire 

diameters.  

To get   values for such diameter (D = 20 nm) of silicon Nanowires, the lattice thermal 

conductivity for all diameters reported were taken at certain temperature 300K as an example 

in  figure (5), and also for other temperatures  then the LTC as a function of  nanowires 

diameter was obtained and drawn as  shown in Fig(6). The least square fitting to this 

dependence gives an empirical relation in the form of:- 
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 k=2×10-5D3-0.0049D2+0.66D–0.0445(W/m.K)                                                                                 

(25) 

 

Equation (25), gives the lattice thermal conductivity at 300K for 20-nm nanowire diameters. 

The processes were repeated for all other temperature as shown in Fig. (7).  

 
Figure 6 Lattice thermal conductivity as a function of Si nanowires diameter calculated using 

equation (25) at 300 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Exp. Theo. NANOTECHNOLOGY 5 (2021) 65 – 76                                          75 

Figure 7 Values of thermal conductivity taken from Eq.(25):(A) Experimental curve, (B) 

Theoretical curve. The number beside each curve denotes the corresponding wire diameter. 

Values for D-20 nm are calculated by empirical relation formed for each temperature. 

 

 

 
Figure 8 Comparison of the present work data (solid line) with experimental and theoretical 

results obtained from the Deyu Li data for thermal conductivity for a diameter 20- nm Silicon 

Nanowires. 

 

The comparison between results of this work and Deyu Lie for 20 nm nanowire diameters of 

silicon are given in figure (8). Figure (9), show LTC calculated by different models and the 

one calculated by this work. LTC for a 20-nm diameter Nanowires was calculated from the 

data taken from theoretical curves calculated by methods of Callaway, Holland and (Dames 

& Chen) models compared to that of Deuy Li work [20-24]. 

 

 
Figure 9  Lattice thermal conductivity of a 20-nm diameter silicon Nanowires, from different 

models of :-, a) Callaway, b) Holland, c) Dames, d) Deyu Li [20,24], the solid line represent 

the present work.  

The lattice thermal conductivity calculated by this work is similar to the results from the data 

taken by Dames to comparing with the experimental curves shown in Fig. (9).  
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4. CONCLUSIONS 

 

Lattice thermal conductivity of Si nanowires is differ significantly from that as 

macrostructures. Strong modification of the phonon dispersion and group velocities due to 

spatial confinement of phonon lead to a significant increases of the phonon scattering and as a 

result to the decreases of the lattice thermal conductivity. Boundary scattering dominate over 

all other scattering process.  Numerical evaluation is a successful method to calculate lattice 

Thermal conductivity for Si nanowires.  The model predications are in good agreement with 

available experimental and theoretical data. 
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Superhydrophobic anticorrosion layers of various thicknesses were deposited onto low carbon 

steel. The layer is comprised of MnO2/Polystyrene nanocomposite with a hierarchical 

structure. AFM imaging of the nanocomposite illustrated a very rough surface with rms 

roughness of 109 nm. A polarization method was applied to measure the corrosion potential 

and corrosion current by using a potentiostat device. Two corrosive solutions were utilized in 

this study (NaCl & HCl). Strong concentrations of 1M HCl and 5000ppm NaCl were used in 

this work. The results revealed that the nanocomposite exhibits better corrosion inhibition after 

24h immersion time in NaCl compared to HCl, where the corrosion current density is 0.56 

μA/cm2 in NaCl against 24.3 μA/cm2 in HCl. The uncoated sample presented a higher 

corrosion current density after 24h immersion time with values of 14.4 μA/cm2 and 83.6 

μA/cm2 in NaCl and HCl, respectively. Moreover, the ultrathin layers of the nanocomposite 

demonstrated better corrosion inhibition than the relatively thicker layers. This result was 

elucidated by the peeling effect of the thick samples. Immersion time was also considered in 

this study by leaving the samples over a course of 30 days in the solution and performing the 

measurements for every 10 days’ span. The activation energy of the surface was determined 

using Arrhenius method by varying the solution temperature during measurements. Corrosion 

protection efficiency showed excellent results with up to 96.1% in NaCl solution. Pitting 

potential was also determined in this work. 

 

 

Keywords: Superhydrophobic surface, low carbon steel, corrosion current. 
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1. Introduction 

Corrosion of metals in a general sense is a natural process in which metal is gradually 

destructed in a chemical or electrical media to a more chemically stable form, such as metal 

oxide. Most metals are very vulnerable to environment and easy to corrode to return back to 

their stable oxide forms (the ore forms) [1]. Corrosion is a major headache in the industry. The 

global annual loss due to corrosion is estimated to be up to 5% of the economy [2]. Steel (iron 

alloys) is one of the largest metal industry. However, corrosion takes place in steel more than 

any other metals. According to NACE International study published in 2016, steel corrosion 

losses are estimated to be 15% – 35% [3]. Several methods have been used to prevent corrosion, 

such as cathodic protection, corrosion inhibitors, and protective coatings. The last one is the 

most commonly used method [4]. The protective coatings have other advantages in addition to 

corrosion protection over other methods; they improve the wear resistance and could also adorn 

the surface in some circumstances. Polystyrene is one of the widely used and preferred 

polymeric protective coatings [5]. However, polymeric coating has some obstacles such as low 

adhesion and thermal mismatch which can cause peeling off the polymer layer [6]. This 

problem becomes more manifest when the polymer layer is thick. On the other hand, coating 

with thin layer is hard to be achieved with pore-free surface. Pores create corrosion sites and 

reduce the corrosion protection. Another type of protective coatings is the nanostructured 

coatings. Nanostructures exhibit better corrosion resistance by eliminating the localized 

corrosion [4]. Nanomaterials can be blended with polymers to form a polymer-based 

nanocomposite. This composite combines the advantages of polymer and nanomaterials. 

Superhydrophobic coating is one of these polymer-based nanocomposites. 

Superhydrophobicity (so-called lotus effect) is a property of some rough surfaces to repel 

water. The criterion of this property is the high contact angle (>150°). In rough surfaces, 

wetting can be classified into homogeneous wetting and heterogeneous wetting [7]. In the first 

one, the liquid penetrates the grooves of the roughness, while in the latest one, the liquid stays 

over the summits of the hills leaving a buffer layer of air between the liquid and the surface. 

This case makes the liquid in the least contact with the surface. The contact angle (θ*) in 

heterogeneous wetting is given by Cassie-Baxter equation [8]: cos(θ*) = rf cos(θY) + f – 1, 

where θY is the ideal Young contact angle, rf is the roughness ratio of the solid surface area 

wetted by the liquid, and f is the fraction of the solid surface area wetted by the liquid. For a 

repeating pattern of structures, f = (area of top structure)/ (area of repeating lattice). Therefore, 

for a smooth surface, f = 1, and the Cassie-Baxter model collapses into a trivial solution of 

Wenzel [cos(θW) = r cos(θY)], where θW is Wenzel contact angle, and r is the roughness ratio. 

The wetting regime that gives the lowest contact angle is the more stable topography with high 

surface energy. Therefore, obtaining a superhydrophobic surface with low surface energy is a 

matter of sophisticated technology. The superhydrophobic surface has a unique topography so-

called “hierarchical structure” which is a set of hills, each one has plenty of protrusions of 

nanorods. Figure (1) illustrates the hierarchical structure in lotus leaf. This structure can 

maintain a low surface energy and a high contact angle (usually >150°) which are the main 

features of superhydrophobicity. 
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Figure (1) The hierarchical structure of the surface of lotus leaf. This figure is reproduced from 

[9]. 

Superhydrophobic coatings have received an increasing attention in recent years because of 

their high water repellency. This unique feature helps with a wide range of applications such 

as self-cleaning surfaces [10] and corrosion-proof metal surfaces [11]. Compared to 

anticorrosion in traditional protective coatings, superhydrophobic coating can be much 

efficient to reduce corrosion because it reduces the interaction between metal surface and 

corrosive species. To achieve that, several methods have been applied to produce a 

superhydrophobic surface such as wet chemical reaction [12], etching [13], and nanocomposite 

coating [14]. In nanocomposite coating, a bottom-up approach is used to grow a thin layer of 

well-chosen nanocomposite to create the superhydrophobization on the metal surface. The 

superhydrophobicity is created by the nanoparticles, while the polymer serves as a binder to 

connect the nanoparticles. When string bonding is achieved between polymer and 

nanoparticles, the mechanical properties of the coating will be enhanced [11]. Since polymers 

can be dissolved in a plenty of solvents, the spray deposition technique can be a suitable way 

to coat the metal where the solvent is evaporated rapidly after spraying and simply leaving a 

thin superhydrophobic coating on the surface of the metal. Therefore, spray method is 

appropriate for large-scale coating. The durability of nanocomposite superhydrophobic 

coatings is high, for instance, using SiO2 nanoparticles with epoxy shows sustainability after 

250min scouring test at 10m/s running water [15]. 

 

The anticorrosion mechanism of superhydrophobic coatings is described by formation of a thin 

air film between the liquid and the surface, which in turns reduces the contact area between 

them. This thin air film is called a nonconductive barrier and it is formed when air is trapped 

during immersion of the metal into the liquid. Therefore, the surface will be isolated from the 

surrounding liquid. Figure (2) illustrates the formation of the thin air film in the interface of a 

copper plate immersed in saline water [16]. The plate in the figure was half coated with 

superhydrophobic layer. As seen from the figure, the uncoated part is in intimate contact with 

the water with no interface barrier and it shows the red-orange color of the Cu plate, while the 

coated part forms a barrier of thin air that isolates the Cu surface from the saline water as it 

appears as a bubble-like region. This barrier reduces the contact area between the plate and 

water and hence, reduces the corrosion significantly. 
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Figure (2) Cu plate immersed into 3.5 wt.% NaCl solution. This figure is reproduced from 

[16]. 

Despite that superhydrophobic nanocomposite applications have been widely investigated in 

the last recent years, the use of them as anticorrosion layer in low carbon steel is still immature 

with a little literature available [17,18]. The merit of this coating is that it is much more efficient 

than traditional anticorrosion coatings and it can be made as a very thin layer which makes it 

economically more viable. Thin layer is also more adhesive than thick layer with a less chance 

of peeling-off. This paper is an attempt to study the anticorrosion resistance of low carbon steel 

(coated with manganese dioxide/polystyrene superhydrophobic nanocomposite) in aggressive 

media of acidic and saline solutions. 

2. Experimental Procedure 

Manganese dioxide/polystyrene (MnO2/PS) nanocomposites have been purchased from SAR 

Incorporation. The nanocomposite is comprised of MnO2 nanoparticles in polystyrene matrix. 

The material was pre-dissolved in organic solvent and sold as a liquid-phase. The exact formula 

and synthesis recipe are the company know-how. The liquid-phase nanocomposite can be 

deposited by spray method. The deposited film has a free surface energy of ~13 mN/m and can 

achieve a contact angle of ~150° according to the company datasheet. These specifications 

represent superhydrophobicity features. 

Low carbon steel (LCS) round samples of ~16 mm in diameter and 1 mm thick were used as a 

corrosion metal. The samples’ chemical composition was determined using Optical Emission 

Spectrometer (OES) type ARL 3460. Table (1) shows the chemical composition of the used 

low carbon steel. 

 

Table (1) Chemical composition of the used alloy. 

Element C Si S P Mn Ni Cr Mo Cu 

Percent (%) 0.05 0.007 0.040 0.015 0.39 0.03 0.005 0.004 0.046 

 

The samples were coated with the nanocomposite by spray method. Thickness of the coating 

was controlled by spraying time and estimated roughly using a gravimetric method. Five 

samples were prepared and marked as (S1, S2, S3, S4, and S5) with approximate thickness of 

(21, 36, 77, 159, and 178 nm), respectively. Uncoated LCS was also used as a control sample 
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and denoted as S0. Figure (3) shows a photograph of the used samples after coating. Atomic 

Force Microscopy (AFM) type (Nanosurf FlexAFM) was used to probe the surface topography 

of the films. 

 

 

 

Figure (3) The used samples after coating with MnO2/PS nanocomposites. 

Three-electrode potentiostat/galvanostat (Type M Lab) was used to carry out the 

electrochemical analysis. Saturated calomel was used as a reference electrode (the potential vs. 

the normal hydrogen electrode equals to +0.244V), graphite was served as a counter electrode, 

and the working electrode was the low carbon steel sample. Two corrosive solutions of 1M 

HCl and 5000ppm NaCl were used to investigate the corrosion. The exposed area of the 

samples was fixed at 0.79cm2. Figure (4) shows a photograph of the experimental setup used 

in this work. Prior to the electrochemical measurements, the samples were kept in the solution 

for 15 min in order to stabilize the open circuit voltage. Polarization curves were recorded with 

a scan rate of 5mV/s. Samples were polarized according to the open circuit voltage (VOC) of 

the sample, i.e. from -VOC to +VOC. Corrosion current density (J) of the samples was calculated 

using Tafel method. The corrosion current density was obtained from dividing the measured 

current by the sample area. Using current density is important to normalize the results so that 

the comparison between different samples is possible. The corrosion current was measured at 

various solution temperatures (20, 35, and 50°C) and from which, the activation energy (Ea) 

was calculated from Arrhenius equation [19]: 

 

𝐥𝐨𝐠(𝐈𝐂𝐨𝐫𝐫) = 𝐥𝐨𝐠(𝐀) − 
𝐄𝐚

𝟐,𝟑𝟎𝟑 𝐑𝐓
                                                                                                              (1) 

 

where: A is pre-exponential factor, R is the universal gas constant (8.314 J/K.mol), and T is 

the absolute temperature (in Kelvin). Corrosion protection efficiency (PE) was evaluated from 

[20]: 

 

𝐏𝐄 (%) = [𝟏 −
𝐈𝐂𝐨𝐫𝐫

𝐈𝐂𝐨𝐫𝐫
𝐨 ]  × 𝟏𝟎𝟎%                                                                                                               (2) 

where: Io
Corr and ICorr are the corrosion currents of the superhydrophobic coated and uncoated 

LCS samples, respectively. 

 

Figure (4) The experimental setup used in this work. 
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3. Results and Discussion 

Superhydrophobicity is a feature of the surface morphology rather than surface chemistry. It 

has been shown that a hierarchical structure can produce a superhydrophobic phenomenon [21]. 

This type of topography is characterized by the pyramid-like structure. Figure 5 shows a 3D 

AFM image of the MnO2/PS nanocomposite film. The rms roughness is 109 nm which 

represents a very rough surface. The pinhole in the surface is due to a nonuniform deposition. 

The density of summit is low, but the summits are pyramid-like. Pinholes introduce corrosion 

sites and lessen the anticorrosion properties of the protective layer. To overcome this problem, 

different deposition methods such as printing method should be used in any future work. 

 

 

Figure (5) AFM image in a 3D mode for MnO2/PS nanocomposite deposited on LCS 

surface. 

Tafel method is used to determine the corrosion current density and the corrosion potential 

from the plot of the electrochemical redox process. The plot in Figure (6) shows two branches 

of reaction: anodic (in which a metal is oxidized), and cathodic (in which solution species are 

reduced). Absolute values of current density are plotted on a log-scale axis to undergo Tafel 

equation. Corrosion current density (JCorr) and corrosion potential (ECorr) are estimated from the 

intersection of the tangents of anodic and cathodic curves as demonstrated in this figure. The 

fitted tangents of all samples in this work were obtained with the aid of OriginLab software to 

perform best possible fitting with a statistical value of R-Squared of 0.99758. Fitting 

parameters are unified in all samples to cancel out any segment of error that may occur. The 

fitting lines were extrapolated so that they intersect, where intersection point represents JCorr 

and ECorr according to Tafel method as it is portrayed in the example of Figure (6). 

 

 

Pinhole Hills
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Figure (6) Tafel method used to determine corrosion parameters. The plot of this figure is for 

uncoated steel sample in 1M HCl solution. 

Figure (7) illustrates potentiodynamic polarization curves in 1M HCl and 5000ppm NaCl 

aqueous solutions for S0 and S1 after 24 hours’ immersion in the solutions. The JCorr of S0 and 

S1 in HCl is 83.6 μA/cm2 and 24.3 μA/cm2, respectively. Whereas, JCorr of S0 and S1 in NaCl is 

14.4 μA/cm2 and 0.56 μA/cm2, respectively. The results show a significant decrease in 

corrosion current for the coated sample (S1) compared with the uncoated control sample (S0) 

in both solutions. Moreover, both coated and uncoated samples exhibit less corrosion current 

in NaCl solution than HCl solution. This is because LCS shows less corrosion in NaCl than 

HCl. Since HCl is a more aggressive solution, it may produce pinholes in the coated sample 

and penetrates into the LCS surface. However, the coating layer is still providing protection 

against the acid compared to the control sample. 

 

Figure (7) Potentiodynamic polarization curves in 1M HCl and 5000ppm NaCl for coated and 

uncoated samples. 
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Corrosion current density for uncoated sample and coated samples with different 

superhydrophobic layer thicknesses are presented in Figure (8). In the saline solution (NaCl), 

the corrosion current of S1 sample exhibits a decrease around 25 folds in magnitude compared 

to the uncoated sample (S0). Surprisingly, increasing thickness of the superhydrophobic layer 

results in an increase in the corrosion current. This indicates that in superhydrophobic coating, 

very thin layers provide better corrosion inhibition than thick layers. This can be attributed to 

the peeling effect for thicker layers. In addition, thick layers are less uniform and have more 

pinholes compared to thin layers. In the acidic solution (HCl), the corrosion current of S1 

sample exhibits a decrease around 3.5 folds in magnitude compared to the unprotected sample 

(S0). This result shows that the MnO2/PS superhydrophobic layer is less resistive in acidic 

media than saline media which driving this type toward the saline media applications rather 

than acidic media applications. The effect of thickness in the acidic solution is less than that of 

saline solution, where corrosion current shows a slight increase with increasing the coating 

layer. 

 

Figure (8) Corrosion current density for uncoated and coated samples with various thicknesses 

immersed in HCl and NaCl solutions for 24 hours. 

Exposure time is a key factor in corrosion. To investigate the influence of immersion time on 

the evolution of corrosion current, the samples were immersed for one month in HCl and 

characterized every ten days, starting from 24 h immersion time. During the experiment, the 

samples kept in the solutions permanently for the whole month. The uncoated sample shows a 

sharp increase in corrosion current with time especially after 20 days. The coated sample shows 

an increase in corrosion with time, as well, but with a significantly less rate. The increased 

corrosion for the coated sample can be ascribed to the decrease in contact angle as acid removes 

some of the coated layer [17]. Decreasing contact angle results in wider contact between the 

acid and sample surface. 
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Figure (9) Corrosion current density for uncoated and coated samples with various immersion 

times in HCl solution. 

Solution temperature impact on corrosion current for the samples in HCl solution is explored 

as shown in Figure (10-a). As solution temperature increases, the corrosion increases. This 

normal behavior can be exploited to determine activation energy of the surface as depicted in 

Figure (10-b) and described by Arrhenius [19] as shown earlier in Eq. (1). Activation energy 

of 34.7 kJ/mol and 47.3 kJ/mol for S0 and S1, respectively, are in fair agreement with literature 

for LCS [19]. The coated sample shows higher activation energy which is an indication of 

improving surface inhibition against corrosion. 

 

 

 

Figure (10) (a) Corrosion current density for uncoated and coated samples with various HCl 

solution temperatures, (b) Corrosion current density vs. the reciprocal of temperature. 

0 5 10 15 20 25 30 35
0

50

100

150

200

250

 

 

J
C

o
r
r (

A

/c
m2
)

Immersion Time (Days)

 S
0
 in HCl

 S
1
 in HCl

(a) (b)

10 20 30 40 50 60
0

50

100

150

200

250

300

350

 

 

J
C

o
r
r (

A

/c
m2
)

Solution Temperature (oC)

 S
0
 in HCl

 S
1
 in HCl

3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45
7.0

7.5

8.0

8.5

E
a
 = 47.3 kJ/mol

 

 

lo
g[
I C

o
r
r (
A

)]

1000/T (K)

 S
0

 S
1

E
a
 = 34.7 kJ/mol



86 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 77 – 87 

 

Corrosion protection efficiency (PE) of the coated samples were calculated using Eq. (2) and 

presented in Figure (11). Lower thickness (S1) shows better efficiency for both HCl and NaCl 

solutions, which can be attributed to the lower corrosion current for this sample as discussed 

in Figure (8) earlier. The efficiency decreases with increasing coating thickness which is 

consistent with the behavior of Figure (8). Highest efficiency recorded for S1 sample at NaCl 

soltion with a value of 96.1%. However, steeper decrease in efficiency with coating thickness 

is observed in NaCl solution compared to HCl solution. 

Pitting potential is determined in the forward scan. This is a destructive test for the coating, 

therefore, it was done at the last step of the measurement (after collecting the data of one month 

for the samples in HCl). The pitting potentials of S0 and S1 were 389 mV and 491 mV, 

respectively. The higher value of pitting potential for the coated sample indicates that the 

hydrophobic surface shows higher resistance against corrosion than the pristine sample. 

 
Figure (11) Protection efficiencies at various thicknesses of the coated samples. 

4. Conclusions 

Superhydrophobic surface comprised of MnO2/PS nanocomposite layer can be used efficiently 

as anticorrosion coating in low carbon steel. The coating shows better inhibition in a saline 

medium (NaCl) than an acidic medium (HCl) with protection efficiency of up to 96.1% in NaCl 

solution. This result indicates that MnO2/PS superhydrophobic nanocomposite layer is a 

candidate material for corrosion protection in the saline media. Various thicknesses of the 

nanocomposite were investigated in this work. Thickness showed a noticeable effect on the 

corrosion. Lower thickness has better inhibition than higher thickness. This is considered an 

economically viable result in the mass production industry. 

 

5. Acknowledgement 

Financial and logistic support from the Renewable Energy and Environment Research Center 

and the Chemical and Petrochemical Research Center at the Corporation of Research and 

Industrial Development are greatly appreciated. We would like to acknowledge the State 

S1 S2 S3 S4 S5
20

40

60

80

100

 

 

P
E

 (
%

)

Sample

 in HCl

 in NaCl



87 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 77 – 87 

 

Company for Steel Industries/ Ministry of Industry and Minerals for their assistance in the 

chemical analysis of the steel samples. 

 

References 

[1] P.R. Roberge, Corrosion Engineering Principles and Practice, McGraw-Hill, 2008. 

[2] R. Bhaskaran, N. Palaniswamy, N.S. Rengaswamy, M. Jayachandran, Corros. Mater. 

13B (2005) 0. 

[3] K. Gerhardus, V. Jeff, N. Thopson, O. Moghissi, M. Gould, J. Payer, International 

Measures of Prevention , Application , and Economics of Corrosion Technologies Study, 

2016. 

[4] A. Stankiewicz, in: F. Pacheco-Torgal, M.V. Diamanti, A. Nazari, C.G. Granqvist, A. 

Pruna, S.B.T.-N. in E.C. (Second E. Amirkhanian (Eds.), Woodhead Publ. Ser. Civ. 

Struct. Eng., Woodhead Publishing, 2019, pp. 303. 

[5] C. de Souza, R.L.P. Teixeira, J.C. de Lacerda, C.R. Ferreira, C.H.B.S. Teixeira, V.T. 

Signoretti, Polímeros 28 (2018) 226. 

[6] R.-G. Hu, S. Zhang, J.-F. Bu, C.-J. Lin, G.-L. Song, Prog. Org. Coatings 73 (2012) 129. 

[7] A. Marmur, Langmuir 20 (2004) 3517. 

[8] U. Cengiz, C. Elif Cansoy, Appl. Surf. Sci. 335 (2015) 99. 

[9] Y. Yu, Z.-H. Zhao, Q.-S. Zheng, Langmuir 23 (2007) 8212. 

[10] O.A. Abdulrazzaq, A. Abdullah, S.K. Abdulridha, M.A. Fakhri, Iraqi J. Ind. Res. 5 

(2018) 1. 

[11] D. Zhang, L. Wang, H. Qian, X. Li, J. Coatings Technol. Res. 13 (2016) 11. 

[12] J. Song, Y. Lu, S. Huang, X. Liu, L. Wu, W. Xu, Appl. Surf. Sci. 266 (2013) 445. 

[13] D. Lv, J. Ou, M. Xue, F. Wang, Appl. Surf. Sci. 333 (2015) 163. 

[14] Y. Qing, C. Yang, C. Hu, Y. Zheng, C. Liu, Appl. Surf. Sci. 326 (2015) 48. 

[15] Z. Cui, L. Yin, Q. Wang, J. Ding, Q. Chen, J. Colloid Interface Sci. 337 (2009) 531. 

[16] P. Wang, D. Zhang, R. Qiu, Y. Wan, J. Wu, Corros. Sci. 80 (2014) 366. 

[17] L.B. Boinovich, S. V Gnedenkov, D.A. Alpysbaeva, V.S. Egorkin, A.M. Emelyanenko, 

S.L. Sinebryukhov, A.K. Zaretskaya, Corros. Sci. 55 (2012) 238. 

[18] A. Fihri, E. Bovero, A. Al-Shahrani, A. Al-Ghamdi, G. Alabedi, Colloids Surfaces A 

Physicochem. Eng. Asp. 520 (2017) 378. 

[19] A.A. Khadom, A.S. Yaro, A.S. Altaie, A.A.H. Kadum, Port. Electrochim. Acta 27 

(2009) 699. 

[20] S. Habeeb, K. Saleh, in: IOP Conference Series: Materials Science and Engineering 

(Ed.), IOP Conf. Ser. Mater. Sci. Eng., IOPscience, 2019, pp. 0. 

[21] R. Wen, S. Xu, D. Zhao, Y.-C. Lee, X. Ma, R. Yang, ACS Appl. Mater. Interfaces 9 

(2017) 44911. 

 

 

 

 

 

 

 

 

 

 

 

 

 



88 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 77 – 87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2021 The Authors. Published by SIATS (http://etn.siats.co.uk/). This article is an open 

access article distributed under the terms and conditions of the Creative Commons 

Attribution license (http://creativecommons.org/licenses/by/4.0/).   

 

http://etn.siats.co.uk/
http://creativecommons.org/licenses/by/4.0/


Experimental and Theoretical NANOTECHNOLOGY VOL. 5, NO. 1, 2021 
 

AUTHOR GUIDELINES FOR JOURNAL ARTICLE 

 
Introduction  

This document enables the user to have a better understanding of rules and 

regulations used for writing journals. However, each institute has its own template 

so it is advised that after writing any journal or publication, refer to your specific 

institute references for writing journals and publications.  

Format  

All files should be submitted as a Microsoft Word Document.  

Article Length  

Articles should usually be between 4000 and 10000 words in length. This includes 

all text including references and appendices. Please allow roughly 280 words for 

each figure or table.  

Article Title  

A title of not more than 16 words is advised.  

Article Title Page  

An Article Title Page should be submitted alongside each individual article using 

the template provided.  

This should include:  

 Article Title  

 Author Details (see below)  

 Acknowledgements  

 Author Biographies  

 Structured Abstract (see below)  

 Keywords (see below)  

 Article Classification (see below) 

 

Author Details  

Details should be supplied on the Article Title Page including:  

• Full name of each author  

• Affiliation of each author, at time research was completed  

•Where more than one author has contributed to the article, details of who should 

be contacted for correspondence  

• E-mail address of the corresponding author 

 

Structured Abstract  

Authors should supply a structured abstract on the Article Title Page, set out under 

4-7 sub-headings:  

 Purpose (mandatory)  

 Design/methodology/approach (mandatory)  



Experimental and Theoretical NANOTECHNOLOGY VOL. 5, NO. 1, 2021 
 

 Findings (mandatory)  

 Research limitations/implications (if applicable)  

 Practical implications (if applicable)  

 Social implications (if applicable)  

 Originality/value (mandatory)  

 

Maximum should roughly be 250 words in total (including keywords and article 

classification.  

 

Keywords  

You should provide up to 10 keywords on the Article Title Page, which encapsulate 

the principal topics of the paper.  

 

Article Classification  

Categorize your paper on the Article Title Page, under one of these classifications:  

 Research paper  

 Viewpoint  

 Technical paper  

 Conceptual paper  

 Case study  

 Literature review  

 General review.  

 

Headings  

Headings should be concise, with a clear indication of the distinction between the 

hierarchies of headings.  

The preferred format is for first level headings to be presented in bold format and 

subsequent sub-headings to be presented in medium italics.  

 

Notes/Endnotes  

Notes or Endnotes should be used only if absolutely necessary and must be identified 

in the text by consecutive numbers, enclosed in square brackets and listed at the end 

of the article.  

 

Research Funding  

Authors must declare all sources of external research funding in their article and a 

statement to this effect should appear in the Acknowledgements section. Authors 

should describe the role of the funder or financial sponsor in the entire research 

process, from study design to submission.  

 



Experimental and Theoretical NANOTECHNOLOGY VOL. 5, NO. 1, 2021 
 

Figures  

All Figures (charts, diagrams, line drawings, web pages/screenshots, and 

photographic images) should be submitted in electronic form.  

All Figures should be of high quality, legible and numbered consecutively Graphics 

may be supplied in color to facilitate their appearance on the online database.  

 Figures created in Microsoft Word, Microsoft PowerPoint, Microsoft Excel and 

Illustrator should be supplied in their native formats. Electronic figures created in 

other applications should be copied from the origination software and pasted into a 

blank Microsoft Word document or saved and imported into an Microsoft Word 

document or alternatively create a .pdf file from the origination software.  

 Figures which cannot be supplied in as the above are acceptable in the standard 

image formats which are: .pdf, .ai, and .eps. If you are unable to supply graphics in 

these formats then please ensure they are .tif, .jpeg, or .bmp at a resolution of at least 

300dpi and at least 10cm wide.  

 To prepare web pages/screenshots simultaneously press the "Alt" and "Print 

screen" keys on the keyboard, open a blank Microsoft Word document and 

simultaneously press "Ctrl" and "V" to paste the image. (Capture all the 

contents/windows on the computer screen to paste into Microsoft Word, by 

simultaneously pressing "Ctrl" and "Print screen".)  

 

Photographic images should be submitted electronically and of high quality. They 

should be saved as .tif or .jpeg files at a resolution of at least 300dpi and at least 

10cm wide. Digital camera settings should be set at the highest resolution/quality 

possible.  

 

Tables  

Tables should be typed and included in a separate file to the main body of the article. 

The position of each table should be clearly labelled in the body text of article with 

corresponding labels being clearly shown in the separate file.  

Ensure that any superscripts or asterisks are shown next to the relevant items and 

have corresponding explanations displayed as footnotes to the table, figure or plate.  

 

References  

References to other publications must be in Harvard style and carefully checked for 

completeness, accuracy and consistency. This is very important in an electronic 

environment because it enables your readers to exploit the Reference Linking facility 

on the database and link back to the works you have cited through CrossRef.  

You should cite publications in the text, for example: (Adams, 2006) using the first 

named author's name or (Adams and Brown, 2006) citing either names of two, or 

(Adams et al., 2006), when there are three or more authors. At the end of the paper 

a reference list in alphabetical order should be supplied:  



Experimental and Theoretical NANOTECHNOLOGY VOL. 5, NO. 1, 2021 
 

 

References for Books  

For books you should follow below template:  

Surname, Initials (year), Title of Book, Publisher, Place of publication. 

 

References for Book Chapters  

For book chapters you should follow below template:  

Surname, Initials (year), "Chapter title", Editor's Surname, Initials, Title of Book, 

Publisher, Place of publication, pages.  

e.g. Calabrese, F.A. (2005), "The early pathways: theory to practice – a continuum", 

in Stankosky, M. (Ed.), Creating the Discipline of Knowledge Management, 

Elsevier, New York, NY, pp. 15-20  

 

References for Journals  

For journals you should follow below template:  

Surname, Initials (year), "Title of article", Journal Name, volume, number, pages.  

e.g. Capizzi, M.T. and Ferguson, R. (2005), "Loyalty trends for the twenty-first 

century", Journal of Consumer Marketing, Vol. 22 No. 2, pp. 72-80.  

 

References for Published Conference Proceedings  

For journals you should follow below template:  

Surname, Initials (year of publication), "Title of paper", in Surname, Initials (Ed.), 

Title of published proceeding which may include place and date(s) held, Publisher, 

Place of publication, Page numbers.  

e.g. Jakkilinki, R., Georgievski, M. and Sharda, N. (2007), "Connecting destinations 

with an ontology-based e-tourism planner", in Information and communication 

technologies in tourism 2007 proceedings of the international conference in 

Ljubljana, Slovenia, 2007, Springer-Verlag, Vienna, pp. 12-32.  

 

References for Unpublished Conference Proceedings  

For unpublished conference proceedings you should follow below template:  

Surname, Initials (year), "Title of paper", paper presented at Name of Conference, 

date of conference, place of conference, available at: URL if freely available on the 

internet (accessed date).  

e.g. Aumueller, D. (2005), "Semantic authoring and retrieval within a wiki", paper 

presented at the European Semantic Web Conference (ESWC), 29 May-1 June, 

Heraklion, Crete, available at:http://dbs.uni-leipzig.de/file/aumueller05wiksar.pdf 

(accessed 20 February 2007). 

 

 

 



Experimental and Theoretical NANOTECHNOLOGY VOL. 5, NO. 1, 2021 
 

References for Working Papers  

For Working Papers you should follow below template:  

Surname, Initials (year), "Title of article", working paper [number if available], 

Institution or organization, Place of organization, date.  

e.g. Moizer, P. (2003), "How published academic research can inform policy 

decisions: the case of mandatory rotation of audit appointments", working paper, 

Leeds University Business School, University of Leeds, Leeds, 28 March.  

 

References for Encyclopedia Entries (no author or editor)  

For encyclopedia entries you should follow below template:  

Title of Encyclopedia (year) "Title of entry", volume, edition, Title of Encyclopedia, 

Publisher, Place of publication, pages.  

e.g. Encyclopaedia Britannica (1926) "Psychology of culture contact", Vol. 1, 13th 

ed., Encyclopaedia Britannica, London and New York, NY, pp. 765-71.  

 

References for Newspaper Articles (non-authored)  

For Newspaper Articles you should follow below template:  

Newspaper (year), "Article title", date, pages.  

e.g. Daily News (2008), "Small change", 2 February, p. 7.  

 

References for Electronic Sources  

If it is available online, the full URL should be supplied at the end of the reference, 

as well as a date that the resource was accessed.  

e.g. Castle, B. (2005), "Introduction to web services for remote portlets", available 

at: http://www-128.ibm.com/developerworks/library/ws-wsrp/ (accessed 12 

November 2007).  

Standalone URLs, i.e. without an author or date, should be included either within 

parentheses within the main text, or preferably set as a note (Roman numeral 

within square brackets within text followed by the full URL address at the end of 

the paper). 

=========================================== 

For more information 

Contact us: 

The Scientific Institute for Advanced Training and Studies 

Email: publisher@siays.co.uk 

Phone: (0060) 11 113 331 80 

WhatsApp & viber 

Facebook: https://www.facebook.com/siats.mutamd?ref=bookmarks 

Experimental and Theoretical NANOTECHNOLOGY  

http://etn.siats.co.uk  

Guidelines link: http://www.siats.co.uk/author-guidelines-for-journal-article/ 

http://etn.siats.co.uk/


Experimental and Theoretical NANOTECHNOLOGY VOL. 5, NO. 1, 2021 
 

Content 

 

1. Structural properties of ordered porous SnO2 nanostructure…………………….……..1 

2. Morphology study of 1D ZnO nanorods……………………………………………..……..7 

3. Morphological studies of p-type Mn-doped SnO2 nanostructure ………………….…..13 

4. Structural and optical investigations of cobalt oxide nanoparticles……………….……21 

5. Band gap in photocatalytic ZnO–TiO2……………………………………………….…..27 

6. Acousto- and acousto-optic effects in liquid crystals: An overview………………..…....35 

7. Optical properties and FT-IR spectra of PANI/f-MWCNT thin films  ………….……..47 

8. Simulation design of silver nanoparticle coated photonic crystal fiber sensor based on 

surface plasmon resonance……………………………………………………….…….….57 

9. Modified callaway model calculations for lattice thermal conductivity of a 20 nm 

diameter silicon nanowire………………………..…………………………………..…….65 

10. Enhancement of low carbon steel corrosion resistance in acidic and saline media using 

superhydrophobic nanocomposite……..………………………………..…………...……77 

 

 

 


