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In this paper, undoped and tin-doped ZnO nanostructures were grown onto non-conductive 

substrates by a simple solution method. Structural, morphological, optical and electrical 

properties of the structures were investigated with respect to tin concentration. From XRD 

studies, all the ZnO nanostructures were found as hexagonal wurtzite type structures growing 

preponderantly oriented with c-axis nor- mal to the substrate. An increase in tin content 

resulted in a decrease in grain size, whereas the dislocation density in- creases. SEM 

observations indicated that all the structures were textured throughout the substrates without 

any cracks or pores. The influence of incorporation of tin on surface morphology of the samples 

was clearly seen. Average diameter of the nanostructures decreased with increasing tin content. 

Absorption spectra of the structures revealed that the band gap of the films increases with 

increasing tin concentration. It is found that the tin-doped samples have higher average 

transmittance than the undoped one. The 1 % tin-doped sample exhibited ∼80 % average 

transparency, which was the best transparency among the doped samples. Electrical 

measurements showed that resistivity of the structures increased with increasing dopant 

concentration. This increasing was attributed due to a decrease in carrier con- centration caused 

by carrier traps at the grain boundaries. 

 

Keywords: Sn; ZnO; Nanostructure.  

1. INTRODUCTION 
 

Transparent conducting films typically are made up of a layer of transparent conducting oxide 

(TCO), generally in the form of indium tin oxide (ITO), fluorine-doped tin ox- ide (FTO) and 

mailto:hah@purdue.edu
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 Zn doped zinc oxide (ZnO) [1]. ZnO is a useful, economic and environmental material because of 

its typical properties such as wide direct band gap (∼ 3.3 eV), large exciton binding energy (60 

meV), and transparency in the visible range, non-toxicity, abundancy in nature etc. [2–4]. As a 

II–IV binary semiconductor, ZnO nanostructures have attracted considerable attention because 

of their good opti- cal, electrical and easily tunable morphological properties and their potential 

applications in solar cells, solar   energy– hydrogen conversion devices, photo electrochemical 

(PEC) hydrogen generation applications and sensors [5–8]. The development of selective sensors 

is based on the use of ZnO nanostructures doped with different impurities such as Sn, Fe, Cu, 

Al, etc. [9]. Many dopants such as groups I and V and rare-earth elements have been used. 

Among those materials, tin can easily replace Zn (r 2+ = 0.074 nm.  Due to a decrease in 

carrier concentration caused by carrier traps at the grain boundaries, the resistivity and band gap 

of doped films increase with increasing dopant concentration [10]. Tin-doped ZnO structures 

obtained by different methods such as Successive Ionic Layer Adsorption and Re- action (SILAR), 

spray pyrolysis and sol–gel methods have been reported [9, 11, 12]. However, there is no study 

about tin-doped ZnO films derived by the chemical bath deposition (CBD) method. We think 

that the effects of tin doping on properties of ZnO nanostructures grown by using solution growth 

methods must be studied in detail. The CBD method is a promising, simple and effective 

technique because it is not necessary to feed power to the conductive substrates, as in 

electrochemical deposition, or carry out the process in pressure vessels, as in hydrothermal 

synthesis. By the CBD method a variety of nanostructures can be obtained simply by changing 

precursor chemicals, concentration of solution, growth temperature and growth time [3, 13]. In 

this work, the effects of tin doping on properties of ZnO nanostructures obtained by the CBD 

method have been investigated. With increasing doping concentration, changes in structure, 

morphology, optical properties and activation energies of conductivity were investigated in detail. 
 
 

2. EXPERIMENTAL PROCEDURE 
 

Undoped and Sn-doped ZnO films were prepared by a simple solution method, namely the CBD 

method. The non- conductive substrates used in the present study were micro- scope glass slides. 

Before the deposition, the substrates were cleaned as reported elsewhere [14]. After these 

treatments, the substrates exhibit good hydrophilic property [13], which is vitally important to 

obtain textured structures. 0.1 M Zn(NO3 )2 ·6H2 O was dissolved in distilled water and the 

pH value of the zinc nitrate solution was adjusted to ∼ 10 by adding aqueous ammonia. SnCl2 

·2H2 O was added to the starting solutions as dopant source at the concentrations of 0, 1, 3 and 5 

at.%. Each complex solution was stirred for 20 min. Then, the previously cleaned glass substrates 

were immersed and the solutions were heated to 90 °C. Heating rate was about 7 °C/min. 

Substrates were taken out from the bath after 20 min. The samples were exposed to a heat-

treatment process at 640 K for 2 h to remove included hydroxide phase, if any. Structural analysis 

was carried out by using a Philips X’pert Pro X-ray diffractometer (XRD) with Cu Kα radiation 

(λ = 1.5418 Å) at operating voltage and current of 40 keV and 35 mA, respectively. Surface 

morphology of each sample was observed using a scanning electron micro- scope (SEM, JEOL 
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JSM-5500LV, Japan). Optical absorption spectra in the UV–Vis spectral range (200–1100 nm) of 

the structures were determined by using a UV–visible spectrophotometer (Hitachi U-1900). 

Current–temperature characteristics of the structures were investigated by a two-point- probe 

method in the temperature range of 300–523 K by using a Keithley 6487 interfaced with a 

computer by a home- made Labview program. The resistivity values of the structures were 

measured at room temperature by a four-probe method. Intervals between the probes were 1 mm. 

3. RESULTS AND DISCUSSION 
 

3.1 X-ray analysis 
 

X-ray diffraction patterns of undoped and tin-doped ZnO nanostructures are presented in Fig. 

1. It can be seen that from the figure, two strong diffraction peaks corresponding to (002) and 

(101) orientations are present and they are well indexed to hexagonal phase crystalline ZnO 

(wurtzite structure, space group: P63mc (186); a = 0.3249 nm, c = 0.5206 nm) and the data 

are in accordance with the JCPDS 36-1451 card.  

 

 

 
 

Fig.  1 X-ray diffraction patterns of undoped and tin-doped ZnO nanostructures 
 
 

The greater intensities of (002) peaks in respective patterns indicate that crystallites grow 

preponderantly oriented with c-axis normal to the substrate. This preferential growing feature is 

correlated with the self-ordering effect determined by the film’s trend to lower its surface en- ergy 

during growth [15–17]. As is shown in [16] the film grains, after their coalescence, grow mainly 

in the direction normal to the substrate surface. In the case of hexagonal crystalline structure, 

this direction will be the [002] one, because this is the most closely packed and with the lowest free 

surface energy in the (002) plane, which will favor the grain growth in this direction. The intensity 



92 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 89 – 98  

 

ratio of the (002) and (101) orientations was calculated as 14.23, 7.70, 6.5 and 1.8 for undoped, 1 

%, 3 % and 5 % tin-doped ZnO nanostructures, respectively. This shows that preferential 

orientation of the structures is degenerated with respect to increasing tin concentration. 

 
Table 1 The calculated average crystallite size (D), lattice spacing (d ), full width at half 

maximum (FWHM) and diffraction angle of the nanostructures 
 

 D 

(nm) 

d (Å) FWH

M 

2θ (°) 

[002]  
Undo

ped 

 
47 

 
2.637

1 

 
0.1855 

 
34.71 

1 % 

Sn 

43 2.571

5 

0.2016 34.87 
3 % 

Sn 

33 2.568

3 

0.2608 34.95 
5 % 

Sn 

32 2.568

9 

0.2742 34.91 

 

diffractometer is broadened due to instrumental and physical factors (crystallite size and lattice 

strain) [19]. The calculated average crystallite size (D), lattice spacing (d ), full width at half 

maximum (FWHM) and angle of diffraction of the films are given in Table 1. As seen from the 

table, average crystallite sizes of the films decrease with increasing tin concentration, whereas 

the (002) peak position shifts to higher diffraction angles. Decreasing in crystallite size is 

correlated by broadening of the XRD patterns, as indicated by corresponding increase in the 

FWHM values. In Bragg’s formula (2d sin θ = nλ), it results that an increase of the interplanar 

spacing, as consequence of the lattice strain which may be induced in the structure during the 

preparation procedure by various factors such as impurities, lattice defects, vacancies or 

deformation faults, implies a shift to lower Bragg angle [20]. Jeong et al. [21] reported Al-doped 

ZnO thin films prepared by a spray pyrolysis method on glass substrates. They investigated 

the effects of Al doping on optical, electrical and structural properties of the ZnO films. They 

observed that the position of the peak (002) shifted to higher angles. They attributed this shift 

to residual stress in the film caused by the difference in ionic sizes between Zn2+ and Al3+. In 

our study, we attributed that the shift of the position of the diffraction peak (002) to slightly higher 

angles result from the difference in ionic sizes between Zn2+ and Sn4+. The dislocation density 

(δ), defined as the length of dislocation lines per unit volume of the crystal, can be estimated from 

the following relation using the simple approach of Williamson and Smallman [22]: 

1 
δ = 

D2 .                                                                                                                                                                  (1)
 

Average crystallite sizes and dislocation densities of the tin-doped ZnO films as a function of 

tin concentration are shown in Fig. 2. Results presented in Fig. 2 show that the dislocation density 

of the films increases with the concentration of tin in the starting solutions. Ilican et al. [23] 

reported tin-doped ZnO thin films derived by a sol–gel spin-coating method on glass substrates. 

They investigated the effect of tin dopant on the properties of the ZnO films. They reported that 

the dislocation density of the films increased with tin concentration. In our case, it can be 

attributed that this in- creasing in dislocation density of the films directly originates from the 

different ionic radii of Zn2+ and Sn4+.  
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Fig. 2 Average crystallite sizes and dislocation densities of the tin–doped ZnO nanostructures 

as a function of tin concentration 
 
3.2 Surface morphology 

 
 

Figure 3 shows the SEM images of undoped and tin-doped ZnO nanostructures annealed in air 

for 2 h. It can be seen from the SEM images that all the structures were textured throughout the 

substrates without any cracks or pores and the morphology of the structures was affected from 

tin incorporation. The hexagonal shape of the nanostructures proves that rod-like nanostructures 

grew successfully on non-conductive substrates without using templates. Further- more, the 

influence of incorporation of tin on surface morphology of the samples can be clearly seen. 

Average diameters of the structures were measured as 390, 280, 200 and 120 nm, which are 

corresponding to the tin-doped ZnO thin films with the concentrations of 0, 1.0, 3.0, and 5.0 at.%, 

respectively. It is clearly seen that with increasing tin doping concentration, average diameters 

of the structures decrease, which directly influences the sensitivity of a thin-film sensor. These 

SEM images reveal that morphology and size of the ZnO nanostructures could be tuned by 

adjusting tin dopant concentration and the results agree with XRD crystallite size calculations. 
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Fig. 3 SEM images of undoped and tin-doped ZnO nanostructures annealed in air for 2 h 

 
3.3 Optical properties 

 
 

Optical absorption spectra in the UV–Vis spectral range (200–1100 nm) of the structures were 

determined using a UV–visible spectrophotometer (Hitachi U-1900). The anal- ysis of the 

dependence of absorption coefficient on photon energy in the high-absorption regions is 

performed to obtain the detailed information about the energy band gaps of the structures. The 

optical band gap of the structures is determined by the following relation [23]: 

αhν = B(hν − Eg )
m ,                                                                                                                     (2) 

 
where B is an energy-independent constant, Eg is the optical band gap energy and m is an index 

that characterizes the optical absorption process and is theoretically equal to 2 and 1/2 for indirect 

and direct allowed transitions, respectively. According to theoretical and practical results, ZnO 

exhibits direct interband transitions [24]. Thus, we can choose m as 1/2. Plotting the graph of 

(αhν)2 against photon energy, hν , the band-gap value can be determined by extrapolating the 

straight-line portion. The cause of decreasing of the band gap after heat treatment is removal of 

the hydroxide phase from the film [25] and/or removal of defect levels, which is a more common 

phenomenon in chemically deposited thin films [26, 27]. Figure 4 shows the plots of optical 

transmittance spectra of the tin-doped ZnO nanostructures prepared on glass substrates by the 

CBD method and heat treated at 640 K for 2 h in air. It can be seen from the figure that the tin-

doped samples have higher average transmittance than the undoped one. In our case, the 1 % tin-

doped sample exhibited ∼80 % average transparency, which was the best transparency among the 

doped samples. The Eg values of undoped and Sn-doped ZnO nanostructures were determined 

as 3.16, 3.33, 4.06 and 4.13 eV, which are corresponding to the tin-doped ZnO nanostructures with 

the concentrations of 0, 1.0, 3.0 and 5.0 at.%, respectively (inset of Fig. 4). It is seen that the 

Eg values of the structures in- crease with increasing tin doping concentration. Tsay et al. [12] 

reported tin-doped ZnO thin films prepared by a sol– gel method on glass substrates. They 

investigated the effects of tin doping on the properties of the ZnO films. They observed that all 
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samples show sharp absorption edges which were shifted to shorter wavelengths (blue shift) and 

band- gap energies of the films increased with increasing tin con- centration.  

 
Fig. 4 Optical transmittance spectra of undoped and tin-doped ZnO nanostructures (inset: plots 
of (αhν)2   vs. photon energy, hν , of the structures) 
 
They attributed this blue shift to the poor crystallinity of the ZnO films. As supported with XRD 
results, in our case, widening of band gaps of the structures can be related to the deterioration of 
crystallinity. 
3.4 Electrical properties 

 
The current–voltage (I –V) measurements of the samples have been carried out by a two-point-

probe method in the temperature range of 300–523 K by using a Keithley 6487 interfaced with 

a computer by a Labview program. Silver electrodes were painted on deposited ZnO 

nanostructures to achieve ohmic contact with them. The derivative (∂ I /∂ V )−1 is constant and 

practically equal to the dark electrical resistance of the investigated structures, indicating a 

negligible value of the contact resistance [28, 29]. Generally, ZnO films without any additional 

doping exhibit an n-type conduction due to the intrinsic defects, which are attributed to native 

defects such as the Zn interstitial atoms and the oxygen vacancies [30]. By using the thermal 

electromagnetic force (emf) method, n-type conductivity of the structures was also proved. To 

activate the electrical conductivity in an n-type semiconductor it is known that donor levels must 

be ionized with at least a minimum energy equal to the energy difference EC − ED, where EC 

represents the valence band minimum and ED the donor levels [31]. For ZnO films which have 

deeper levels (trap levels) (Et ), below the conduction band (EC ), the electrical conductivity 

depends on free carrier concentration (n) as in the equation below [32]. The NC is a function of 

doping level, EC  is the density of states in the conduction band, Et  is the trap density and grain 

size, k is the Boltzmann constant and T is the absolute temperature. In the case of the temperature-

activated mobility not being a dominant process [33], Eq. (4) can be used to calculate activation 

energy of the electrical conductivity. Due to the current passed through the film being 

proportional to free carrier concentration, the current–temperature plot (ln I − 1/T ) can be used 

to deduce the Ea /k value, from which the activation energy (Ea ) of electronic transport for 
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semiconducting materials can be calculated. The dependences of ln I  on 1/T   in the 

temperature range of 300–523 K for the tin-doped ZnO nanostructures are shown in Fig. 5. As 

seen from the figure, there are two linear regions. By using the slopes of the linear regions, the 

activation energies were calculated as 1.18, 0.41 eV; 0.48, 0.58 eV and 0.42, 0.23 eV, which are 

corresponding to the tin-doped ZnO nanostructures with the concentrations of 1.0, 3.0 and 5.0 

at.%, respectively. Comparable values have been ob- tained in studies of polycrystalline ZnO 

[34, 35]. The ln I vs. 1/T  curves exhibit humps at around 400 K at which the structures show 

metallic behavior (encircled parts in the figure). This critical behavior is commonly observed in 

mag- netic semiconductors and known to be due to the scattering of carriers by magnetic spin 

fluctuations via exchange inter- action [36]. The electrical characteristics of ZnO structures can 

be controlled by doping with ternary elements or by adjusting process conditions [12]. The 

resistivity values of the struc- tures were measured at room temperature by a four-probe method. 

The results show that the undoped ZnO sample exhibits a resistivity of 1.5 × 103 Q cm and the 

resistivity values of the 1, 3 and 5 at.% tin-doped ZnO samples were, 4.1 × 103 , 7.4 × 103 and 

9.8 × 103 Q cm. The resistivity of the structures increased with increasing dopant concentration, 

which may be due to a decrease in carrier concentration caused by carrier traps at the grain 

boundaries. 

4. CONCLUSION 

 
In this work, the effects of tin doping on properties of ZnO nanostructures obtained by the CBD 

method have been investigated. With increasing doping concentration, changes in structure, 

morphology, optical properties and activation energies of conductivity were investigated in detail. 

We can conclude that • From XRD studies, undoped and tin-doped ZnO nanostructures were 

found as hexagonal wurtzite type structures growing preponderantly oriented with c-axis normal 

to the substrate. An increase in tin content resulted in a decrease in grain size, whereas the 

dislocation density increases. 

 

 

Fig. 5 Dependences of ln I on 1/T in the temperature range of 300–523 K for the tin-doped ZnO 

nanostructure 
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According to SEM analysis, all the structures were texture throughout the substrates without any 

cracks or pores. The influence of incorporation of tin on surface morphology of the samples was 

clearly seen. Average diameter of the nanostructures decreased with increasing tin content. 

Optical absorption spectra in the UV–Vis spectral range of the films revealed that Eg values of 

the films increase with increasing Sn doping concentration. It is found that tin-doped samples 

have higher average transmittance than the undoped one. The 1 % tin-doped sample exhibited 

∼80 % average transparency, which was the best transparency among the doped samples. 

Electrical measurements show that the resistivity values of the structures increased with 

increasing dopant concentration. This increasing is attributed due to a de- crease in carrier 

concentration caused by carrier traps at the grain boundaries. 
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We report a simple, reliable and one-step method of synthesizing ZnO porous structures at room 

temperature by anodization of zinc (Zn) sheet with water as an electrolyte and graphite as a counter 

electrode. We observed that the de-ionized (DI) water used in the experiment is slightly acidic (pH = 

5.8), which is due to the dissolution of carbon dioxide from the atmosphere forming carbonic acid. 

Porous ZnO is characterized by scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), Raman spectroscopy and photoluminescence (PL) studies. The current-transient measurement is 

carried out using a Gamry Instruments Reference 3000 and the thickness of the deposited films is 

measured using a Dektak surface profilometer. The PL, Raman and X-ray photoelectron spectroscopy 

are used to confirm the presence of ZnO phase. We have demonstrated that the hybrid structures of ZnO 

and poly (3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) exhibit good rectifying 

characteristics. The evaluated barrier height and the ideality factor are 0.45 eV and 3.6, respectively. 

 

Keywords: ZnO; Optical; Chemical.  

1. INTRODUCTION 

 
Metal oxide semiconductors are significant materials which have engulfed a lot of interest by researchers 

as they com- prehend a wide range of band gaps and find applications in semiconductor industries and 

in other technological ap- plications. Of these, ZnO is a material of extensive interest because of its wide 

band gap (3.37 eV) and large excitonic binding energy (60 meV), which makes it a suitable material for 

optoelectronic devices. ZnO has drawn a lot of interest by researchers because of its unique electrical and 

optical properties [1, 2] which can be explored for a great deal of applications as LEDs [3], as a transparent 

conducting oxide [4], in solar cells [5], as gas sensors [6–10] and as nanolasers [11]. It has been produced 

in various morphologies such as nanorods, nanotubes, nanowires and nanobelts, which have a direct impact 

on the physical and chemical properties. Thus, one has to choose carefully the desired morphology, which 

has a clear impact on the property of the nanostructures [12]. 
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Among the various morphologies of ZnO nanostructures, porous structures with large surface have 

gathered a lot attention in the fields such as catalysis [13], sensors [14] and electronics [15]. Synthesis of 

porous structures is feasible by various deposition routes such as the hydrothermal method [16, 17], the 

starch-assisted method [18], the wet chemical method [19], electrochemical deposition [20], anodization 

[7, 21] etc. Anodization of Zn metal resulting in porous structures by using various oxalic acid 

concentrations was explored [21, 22]. There are also reports on the synthesis of various ZnO 

nanostructures such as nanoneedles, nanoparticles, nanosheets and sunflower-like structures by 

anodization of Zn in different electrolytes [23–25]. In general, harm- ful chemicals involving various acids 

or bases are utilized for the anodization of metals. A recent report on the synthesis of ZnO 

nanorods/nanobelts on Zn substrates by the electrochemical route uses just hydrogen peroxide as that 

focuses on the minimized usage of any harmful chemi- cals. In this article, we report a very simple method 

of synthesizing porous structures of ZnO on Zn metal by just anodizing the metal in presence of deionized 

(DI) water as an electrolyte at room temperature. The DI water used in the experiment is slightly acidic 

(pH = 5.8), which is probably due to the dissolution of carbon dioxide from the atmosphere forming 

carbonic acid. Overall, the method uses no harmful chemicals for the synthesis of porous structures. We 

have also demonstrated that hybrid structures of ZnO and poly (3,4-ethylenedioxythiophene):poly 

(styrene sulfonate) (PE- DOT:PSS) exhibit rectifying characteristics. 
 
 
 
2. EXPERIMENTAL METHODS 
 
The Zn sheet used in the experiment was purchased from Sigma Aldrich and was used as received without 
any further purification. A 1 cm × 1 cm piece of the Zn sheet is cut and used in the experiment for ZnO 
deposition. The Zn sheet is cleaned by sonication, in acetone for 5 min. Synthesis of porous ZnO on Zn 
sheet utilizes a two-electrode configuration. Graphite is employed as the counter electrode and the Zn sheet 
as the working electrode. The electrolyte, i.e. water, is taken in a beaker and the whole electrode arrangement 
is plunged into water. Zn sheet is anodized by varying the bias for different durations under potentiostatic 
conditions. The deposition is carried out at different voltages ranging from 1 to 9 V. The deposition time is 
varied from 6 to 12 h. For an applied voltage of 3 V, the reaction time is varied as 6, 8, 10 and 12 h. 
Morphology of the deposited film is studied by scanning electron microscopy (SEM), the phase is 

determined using transmission electron microscopy (TEM) and com- positional analysis is done by using 

energy dispersive X- ray spectroscopy (EDS) attached to the TEM. The presence of ZnO phase is 

confirmed by X-ray photoelectron spectroscopy (XPS) using a ThermoFisher Scientific Multilab 2000. 

Photoluminescence (PL) spectra of the grown sam- ples were exploited using a Jobin Yvon 

spectrophotometer. The Raman map for the verification of presence of ZnO was done using a WITec 

spectrophotometer. The electrical property of the sample was assessed by using a Keithley 6403. The 

thickness of the as-deposited films was measured using a Dektak surface profilometer and the current 

density during the process of anodization was measured using a Gamry Instruments Reference 3000. 
 
 
 
3. RESULTS AND DISCUSSION 

 
The schematic of the anodization set-up is as shown in Fig. 1. Graphite is used as a counter electrode 

and Zn sheet is used as a working electrode. Water is the only electrolyte used in the experiment. SEM 

images of the anodized samples at different voltages are shown in Fig. 2a–f. Figure 1 shows initial 

formation of a wall-like structure at 1 V, which   
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Fig. 1 Schematic of the anodization set-up. 
 
 
becomes prominent as the voltage is increased, and a well- defined porous structure is formed at 9 V. 

Figure 3a–d show the SEM images of the samples anodized at 3 V for different durations, namely S1, S2, 

S3 and S4. Time is varied from 6 to 12 h at an interval of 2 h. With time, two or more pores merge to 

yield a larger pore. As a consequence, the pore size increases and the pore density decreases with time. To 

understand the mechanism involved in the formation of porous structures, the current density variation with 

the time is studied for an anodization period of 12 h at 3 V. The plot in Fig. 4 depicts an initial drop in 

the current density (shown in the inset) as the application of voltage initially results in the formation of an 

oxide layer on the surface [24]. Application of voltage for a longer time results in the dissolution of ZnO 

and the current density increases and reaches almost saturation. The thickness of the porous film as 

measured using a Dektak profilometer decreases with time. The measured thickness value is 7.8 µA for 

the deposition time of 12 h with an approximate etching rate of 0.65 µm per hour. It has been found that 

the morphology of ZnO greatly depends on the current density of the sample [25]. 

The TEM image of the wall-like membrane is shown in Fig. 5. The sample for the TEM is prepared by 

scratching the porous film from the substrate. Scratching the deposit care- fully drops the wall-like 

membrane into acetone. It is sonicated for 1 h and then dropped onto the copper grid and dried under a 

lamp. The image reveals that the porous membrane is electron transparent. The selected area electron 

diffraction (SAED) on the membrane expresses the polycrystallinity of the sample. EDS analysis 

confirms that this membrane is composed of zinc and oxygen with 34 and 66 atomic per- centages, 

respectively. 

XPS is performed on the sample S4 in order to check the purity or to check the formation of any 

undesirable com- pound on the surface. There is observed a binding energy shift in the XPS spectra and 

the calibration was done using the carbon peak at 284.6 eV [26]. The XPS spectra of the Zn 2p and O 1s 

core level regions are shown in Fig. 6. The peak located at 1021.1 eV [27, 28] is correlated to ZnO and 
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Fig. 2   SEM images showing the morphology of the samples anodized for 6 h at varying voltages. (a) 1, 

(b) 4, (c) 5, (d) 6, (e) 8, (f) 9 V  

 

 

 
 

Fig. 3 SEM images of the samples anodized for varying times. (a) S1, (b) S2, (c) S3, (d) S4 
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The shoulder at 1020.1 eV corresponds to Zn. The spectrum of O 1s can be deconvoluted into four peaks 

at 523.4, 526, 

528.5 and 531.2 eV as shown in Fig. 6b. The peaks at 526,  528.5 and 531.2 eV are believed to be due to 

ZnO, ZnOx and adsorbed oxygen. It is found that the binding energy corresponding to the adsorbed 

oxygen on the surface is more than the ZnOx  binding energy [29]. There are no reports on the O 1s peak 

at 524 eV, which needs further investigation. The PL spectra shown in Fig. 7 confirm the formation of ZnO 

as a near-band-edge emission originating due the recombina- tion of free excitons observed at 380 nm. 

All samples show the emission corresponding to the band gap of ZnO with a slight shift in the peak 

position as the deposition time is in- creased. Several reports have shown that the possible blue shift in 

the peak position is due to the quantum size effect. There is a strong trap-state emission around 560 nm 

that can be attributed to oxygen vacancies. 

  

 
Fig. 4 Current–time transient during anodization. Plot showing the variation of current density for an 

anodization period of 12 h at 3 V. Inset showing the initial decrease in current. 

 

The Raman spectra of the samples shown in Fig. 8a show peaks at 378, 438 and 563 cm−1 , which can be 

assigned to A1 (TO), E2 (high) and A1 (LO) symmetry modes, respectively. The peaks corresponding to 

only ZnO are observed as the other compounds formed are the byproducts of the reaction. Raman mapping 

reveals the distribution of a particular phase over a selected area. The images (Fig. 8b–e) reveal the 

distribution of ZnO in all sets of samples. The mapping shows a uniform distribution of ZnO phase in all 

the samples. The image is recorded corresponding to the 438 cm−1 

Raman peak for ZnO. The image indicates the uniform distribution of ZnO with a brighter contrast region 

corresponding to ZnO phase in the sample.  
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 Fig. 5  (a) TEM image showing the porous membrane, inset: diffraction pattern of the membrane. 

(b) EDS spectrum taken on the membrane showing the presence of Zn and O 

  

 

 

 Fig. 6  XPS analysis. The XPS peaks corresponding to (a) Zn 2p3/2 and (b) O 1s1/2 

 

ZnO porous structures on Zn sheet are used for accomplishing the electrical measurement. It should be 

noted that the work function of Zn is 4.3 eV and that of ZnO is ∼5.0 eV, which indicates that Zn can 

provide an ohmic contact to ZnO. Generally, ZnO is an n-type semiconductor and PEDOT:PSS is used to 

fabricate heterostructures. A drop of PEDOT:PSS is cast on the porous ZnO region of the sample. Contacts 

are taken from the top of the PEDOT:PSS using sil- ver paste and another contact is taken from the Zn sheet. 

The schematic of the measurement set-up is shown in Fig. 9a and the current–voltage (I –V ) characteristic is 

shown in Fig. 9b. 
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Fig. 7 Normalized PL spectra of samples anodized at 3 V. Comparison PL spectra showing the blue shift in 

the peak position. 

 

 

It can be noted that the combination of the porous struc- ture with PEDOT:PSS exhibits a good 

rectifying behavior. The ideality factor and barrier height are evaluated to be 3.6 and 0.45 eV, which are 

comparable with the reported results [30, 31]. 

It is important to investigate the mechanism behind the formation of pores, even though the exact reason 

behind the pore formation is still unknown. The pH of the electrolyte is found to be 5.8. The Zn sheet 

which is plunged into water gets ionized by getting converted to Zn2+. The electrons thus released move 

to the cathode. The electrolyte, i.e. water, under the applied potential gets dissociated into H+ and OH− 

ions. These OH− ions reach the anode and get converted into Zn(OH)2 . Then it loses water and gets 

converted to ZnO. In the process of anodization, ZnO gets etched under DI water resulting in zinc 

carbonate. The figure shows the porous ZnO structures at various deposition voltages. The reaction that 

is taking place at the anode results in pores which are ascribed to the etching of Zn under the 

potentiostatic conditions in the presence of water. The voltage at which the anodization is carried out is 

varied up to 9 V. The pores are more conspicuous at higher applied voltage [21]. 
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Fig. 8  Raman analysis of the sample. (a) Raman spectra confirming the presence of ZnO phase in the 

sample. Raman mapping of anodized samples. (b) S1, (c) S2, (d) S3, (e) S4 

 

 

 

 

Fig. 9  Electrical characterization of the sample. (a) Schematic of the hybrid structures. (b) The I –V 

characteristic of the Zn/ZnO/PEDOT:PSS sample 
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Pore formation depends on the kinetics of the oxidation and etching rates. Both take place 

simultaneously resulting in the porous structure. It is believed that in the process of pore formation 

the oxide grows due to migration of oxy- gen ions from the electrolyte through the oxide layer to 

the metal surface and simultaneously the drift of Zn ions from the metal into the electrolyte. The 

reaction taking place at the cathode: 

Thus, it results in the field- enhanced etching of the oxide layer which takes place at selective 

places. Once the selective etching is completed, a portion of the etched-out metallic Zn is exposed 

to the acid electrolyte, which results in a thin oxide formation which in turn again gets etched and 

the cycle continues with the an- odization time. As DI water is the only electrolyte made use of in 

our experiment, the acidic environment is maintained naturally by the dissolution of carbon dioxide 

from the atmosphere, which slightly reduces the pH from 7 resulting in the formation of carbonic 

acid. The pH of the water used in the experiment is 5.8. Thus, there is no need of using any 

additional acid for the process to take place as in most of the reports they use mild acids for 

anodization. 
 
 
 
4. CONCLUSIONS 
 
 
Here we report a very simple and reliable method of synthesizing Zn porous structures which 

does not involve any perplexing steps nor require any chemicals. We have just made use of DI 

water as an electrolyte and Zn sheet as the substrate to obtain ZnO porous structures. We observed 

that there is no need of any additional acid as an electrolyte to carry out anodization, as the DI 

water itself is slightly acidic with the pH of 5.8. The synthesized pores are nanoporous and they 

generate a great deal of attention in the areas of gas sensing and photodetection. We have 

showed that these porous structures form a rectifying junction with PE- DOT:PSS. We believe 

that similar eco-friendly techniques can be used for the synthesis of a variety of oxide 

nanostructures. 
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Room temperature ferromagnetism was observed in Cr-implanted ZnO  nanowires  annealed  at  

500,  600, and 700 °C. The implantation dose for Cr ions was 1 ×1016 cm−2 , while the 

implantation energies were 100 keV. Except for ZnO (100), (002), and (200) orientations, no ex- 

tra diffraction peaks from Cr-related secondary phase or im- purities were observed. With the 

increasing of annealing temperatures, the intensity of the peaks increased while the FWHM values 

decreased. The Cr 2p1/2  and 2p3/2  peaks, with a binding energy difference of 10.6 eV, appear 

at 586.3 and 575.7 eV, can be attributed to Cr3+  in ZnO nanowires. For the Cr-implanted ZnO 

nanowires without annealing, the band energy emission disappears and the defect related 

emission with wavelength of 500–700 nm dominates, which can be attributed to defects introduced 

by implantation. Cr- implanted ZnO nanowires annealed at 500 °C show a saturation 

magnetization value of over 11.4 × 10−5  emu and a positive coercive field of 67 Oe. The origin 

of ferromagnetism behavior can be explained on the basis of electrons and defects that form bound 

magnetic polarons, which over- lap to create a spin-split impurity band. 

 

Keywords: ZnO; Annealing temperature; Optical.   

 

 

1. INTRODUCTION 

 
Extensive studies have been carried out on ferromagnetism in dilute magnetic semiconductors 

(DMSs) because of their potential applications in spintronic devices such as magneticoptic 

switches, magnetic sensors, spin valve transistors, and spin light-emitting diodes, etc. [1–4]. A 
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key requirement in realizing most devices based on spin is that the host material should be 

ferromagnetic above room temperature. In addition, it is necessary to have both efficient spin-

polarized carrier injection and transport. One approach to achieving spin injection into these 

materials is to ap- ply ferromagnetic metals as the contacts. However, the re- ported spin injection 

efficiency is usually low due to forma- tion of interfacial layers. For these reasons, there is interest 

in developing DMS and semiconductors which exhibit ferromagnetism [5]. Dietl et al. [6, 7] have 

applied Zener’s model which based on exchange interaction between carriers and localized spins, 

to explain the ferromagnetism transition temperature in compound semiconductors and find 

room temperature ferromagnetism in p-type wide band gap semiconductors GaN and ZnO with 

Mn concentrations of 5 at.%. The theory assumes ferromagnetic correlations mediated by holes 

from shallow acceptors in a matrix of localized spins in a magnetically doped semiconductor. 

Ex been reported in the Co-doped, V-doped, Fe-doped, and Mn- doped ZnO system [8–11]. Some 

experimental results pro- vided evidence in support of intrinsic nature of the ferro- magnetism in 

the MT-doped ZnO [12, 13]. However, some studies on the MT-doped ZnO suggested that the 

room temperature ferromagnetism is an extrinsic phenomenon caused by the presence of transition 

metal clusters [14]. 

However, a key aspect of the work is the need to achieve soluble concentrations of the transition 

metals well above  the equilibrium solubility limit in ZnO or GaN, which re- quires the use of 

non-equilibrium methods such as low- temperature epitaxial growth or ion implantation. Ion 

implantation can be used to survey the magnetic properties of a number of transition metal dopants 

in various semiconducting oxide materials. Room temperature ferromagnetism was observed in 

ZnO implanted with Co, Mn, and Cr [15–17]. Recently, one-dimensional (1D) DMS 

nanostructures have received much attention for they could potentially be used as building blocks 

for fabricating 3D architecture of novel spintronics microchips [18]. Ferromagnetic DMS nanowires 

and nanorods are reported to have higher Curie temperature and a larger magnetic moment as 

compared to their bulk and film counterparts [19]. In this study, we report the direct observation 

of simultaneous room temperature ferromagnetism in Cr-implanted ZnO nanowire (ZNWs) 

grown by thermal evaporation, and investigate the effects of annealing temperature on the 

microstructure, photoluminescence, and ferro- magnetism properties of Cr-implanted ZnO 

nanowires. 
 
 
 

2. EXPERIMENTAL DETAILS 
 
The synthesis of the ZNWs was carried out in a conventional horizontal tube furnace with a quartz 

working tube. Zn pow- der with purity of 99.99 % was deposited on a quartz boat and placed in 

the center zone of the tube furnace, which acted as the source material. Silicon (111) substrates 

were placed in the low temperature zone, 10 cm upstream the source and acted as the substrate. 

After the quartz tube was pumped to the desired vacuum of 2 Pa, the temperature of the furnace 

was raised from room temperature to 500–700 °C at a ramping rate of 20 °C/min. When the tube 

temperature reached 400 °C, a gas mixture of O2 (60 sccm) and Ar (30 sccm) was then introduced 
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into the system. The total gas pressure was kept at 20 Pa during deposition. After maintaining the 

high temperature for 2 h, the furnace was let cool naturally to room temperature before taking 

out the sample for characterization. The ZNWs were n type in con- duction, with a Hall 

concentration of 6 × 1015 cm−3 and a mobility of 90 cm2 V−1 s−1 . Cr ion implantation was 

car- ried out in a Metal Vapor Vacuum Arc (MEVVA) source system. The metal source implanter 

is equipped with three ion sources, and hence can provide three beams of metal ions into a large 

target chamber. The anode of the discharge is located on-axis with respect to the cathode and has 

a cen- tral hole through which a pan of the plasma plume streams. At the target location, the ion 

beam is several cm wide. The implantation dose and energy for Cr ions was 1×1016  cm−2 and 

100 keV, respectively. Rapid thermal annealing was carried out at temperatures of 500 °C, 600 °C, 

and 700 °C for 30 s in a flowing oxygen atmosphere. 

The X-ray diffraction (XRD) analysis was carried out with a scanning rate 0.02 s−1 with Cu 

Kα radiation. The Cr concentration in the nanowires was verified using an energy dispersive X-

ray spectroscopy (EDX) system [EDAX gene- sis 7000] operated at 12 kV. The electron beam is 

scanned in a faster pattern over the surface for imaging. The beam was focused to a final probe 

diameter of about 50 Å. Some Cr ions may be dispersed in the underlying substrate and more 

accurate detection on an individual nanowire by TEM is under way. The chemical bonding states 

were investigated by X-ray photo electron spectroscopy (XPS, Kratos Ltd XSAM800) with Mg 

Ka excitation. An RM-1000 type Raman micro-spectrometer was used to measure the chemical 

bonding of the implanted samples. The excitation source was an Ar+ laser working at a 

wavelength of 514.53 nm. Photoluminescence (PL) measurements were done at room 

temperature as well as at 10 K using a He–Cd laser as the excitation source, operating with a 

power of 50 mW and a wavelength of 325 nm. A 2010 JEOL JEM transmission electron 

microscopy (TEM) was used to characterize the crystalline structure at accelerating voltage of 200 

kV. Mag- netic characterization was performed by a superconducting quantum interference device 

(SQUID) from Quantum De- sign. The direction of the magnetic field for the measurement of 

the M –H curve was in-plane. 
 
 
 
3. RESULTS AND DISCUSSION 

 
Figure 1a shows typical SEM images of ZNWs grown with high density. Typical diameters of the 

stem part and the sharp nanotip range between 150 and 40 nm, respectively, and the whole length 

of nanowire appears to be 500 nm to several μm. Figure 1b shows the EDX spectra for Cr- 

implanted ZnO nanowires annealed at 600 °C. The sample has an oxygen peak at 0.53 keV and 

Zn signals at 1.04, 8.65, and 9.58 keV. The Cr signal was observed and quantitative analysis 

yielded concentrations of 3 at.%. 

Figure 2 shows the typical XRD spectra of these Cr- implanted ZNWs with Cr implantation 

energy of 100 keV and annealed at temperatures of 500, 600, and 700 °C, respectively. Except 

for ZnO (002), (103), and (201) orientations, no extra diffraction peaks from Cr-related 

secondary phase or impurities were observed. It is shown that all the diffraction peaks in the 

pattern can be easily indexed as the pure hexagonal phase ZnO with calculated lattice parameters 
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of a = 3.245 A, c = 5.199 A, which is in good agreement with the reported standard values 

(JCPDS No. 65-3411). Inset of Fig. 2 shows the enlarged patterns of Cr-implanted ZnO 

nanowires near (002) diffraction. With the increasing of annealing temperatures, the intensity of the 

peaks increased while the FWHM values decreased. This result indicates that Cr ion implantation 

has introduced defects in the ZnO nanowires and the microstructure and crystalline were greatly 

improved by annealing. The increase. 

 

 

 

 
 
 

Fig. 1 SEM image (a) and the corresponding EDAX spectrum (b) of ZnO nanowires implanted 

with Cr implantation energies of 100 keV and annealed at 600 °C 
 
 

 

 

 
 

Fig. 2 XRD spectra of ZnO nanowires implanted with Cr implantation energies of 100 keV and 

annealed at temperatures of 500, 600, and 700 °C, respectively 
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of the ZnO unit cell induced by implantation has been re- ported [20]. Fringes of the (002) peak 

indicate that nitrogen implantation in ZnO induces a deformed layer with a larger c parameter. 

Ferromagnetic behavior above room tempera- ture in Fe-ion-implanted ZnO single crystals have 

also been studied [21]. The value of the full with at half maximum decreased from 0.24 to 0.17 

with increasing the annealing temperature from 700 to 900 °C and could be due to recov- ery of 

the crystal structure. 

Figure 3 shows O1s, Zn 2p3/2  and Cr 2p narrow scan spectra of the Cr implanted ZnO 

nanowires annealed at 600  °C.  The  typical  O1s  peak  with  binding  energy  of 532.5 eV can 

be ascribed to O2− ions on wurtzite structure of hexagonal Zn2+  ion array [22–24]. The Zn 2p3/2  
peak is situated at 1022.3 eV, showing that Zn ions in the nanowires are mainly in the chemical states 

of Zn2+ [25, 26]. Figure 3d shows the XPS emission peak of Cr 2p. The binding energy located at 

575.7 eV correspond to Cr3+  at Cr 2p3/2 , clearly different from 574.0 eV of Cr metal and 576.0 

eV of Cr2+ [27]. Likewise, the binding energy located at 586.3 eV cor- responds to Cr3+  at Cr 

2p1/2 . The data reveal the presence of appearance of Cr3+ in the Cr-doped ZnO nanowires. 

The Raman spectra of Cr-implanted ZnO nanowires are presented in Fig. 4. We can see an 

intense E2  peak at 436 cm−1   and a weak A1 LO  mode at 574 cm−1   in the Raman 

spectrum, as expected from the Raman selection rules in semiconductors with wurtzite crystal 

structure [28]. The A1 LO  mode at 574 cm−1   is attributed to disorder- activated Raman 

scattering while peaks at 520 cm−1 is attributed to scattering from the silicon substrate. It is 

interesting to note that the frequency of the A1 LO  phonon mode of the annealed ZnO:Cr 

nanowires almost coincides that  of  the  as-implanted ZnO  as  indicated  by  the  dot- ted lines. 

The difference of Raman spectra between as- deposited and Cr-implanted samples reveals that 

the ion implantation has induced defects and disorder in ZnO nanowires. Figure 5 shows the PL 

spectra of as-deposited and Cr- implanted ZnO nanowires and annealed at different temperatures. 

The PL spectrum of ZnO consists of two distinct emissions: an intense and dominated peak at 

383 nm and a broad band emission at 512 nm, which was assigned to the UV emission and 

green emission, respectively. For the Cr-implanted ZnO nanowires with Cr ion implantation 

energies of 100 keV, the band energy emission disappears and the defect related emission with 

wavelength of 500–700 nm dominates, which can be attributed to defects introduced by 

implantation. 
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Fig. 3 XPS spectra of ZnO nanowires implanted with Cr implantation energies of 100 keV and 

annealed at 600 °C. (a) O 1s, (b) Zn 2p3/2 , and (c) Cr 2p 
 
 

Compared to as-implanted ZnO, The band energy emission intensity of annealed ZNWs increased 

while the full width at half maximum values decreased. The UV emission, also called near band-

edge emission, originated from the free-exciton recombination [29]. Moreover, the enhancement 

in UV emission intensity of the room temperature PL in our result was due to the improvement 

in the crystal quality of the ZnO nanowires by annealing. It was reported that the improvement 

of crystal quality (decrease of impurities, and structure defects such as oxygen vacancies and zinc 

interstitials) can lead to a high near band-edge emission to deep-level emission ratio, resulting in 

the detectable UV emissions at room temperature [30, 31]. It was reported that the oxygen 

vacancies responsible for the green emission are mainly located at the surface [32] and the PL 

intensity ratio of the UV emission to deep-level emission decreases with increasing surface area 

[33] under the same preparation process. Therefore, it is likely that the strong green emission 

of ZNWs is related to their high surface-to- volume ratio. 

We used TEM to further investigate the structural characteristics. The low-resolution TEM image 

for ZnO nanowires grown at 700 °C was shown in Fig. 6a. With a growth time of 60 min, the 

mean length was 1.4 μm and the diameter was 120 nm. The selected area electron diffraction 
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pattern (SAED) of a single ZNW (inset of Fig. 6b) can be indexed to wurtzite structure of 

hexagonal ZnO and indicates that the ZNW grows along the (002) direction. In the high 

resolution TEM (HRTEM) image (Fig. 6c), the lattice spacing of 0.52 nm also corresponds well 

to the interplanar distance of the (002) crystal plane of wurtzite ZnO.  

 

 

  
 

 Fig. 4 Raman spectra of ZnO nanowires implanted with Cr implanta- tion energies of 100 

keV and annealed at temperatures of 500, 600, and 700 °C 

 

 

 Fig. 5  PL spectra of ZnO nanowires implanted with Cr implantation energies of 100 

keV and annealed at temperatures of 500, 600, and 700 °C, respectively 

 

Figure 7 shows room temperature magnetization versus field curves for Cr-implanted ZnO 



116 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 109 – 119  

 

nanowires with Cr ion implantation energies of 100 keV and annealed at temperatures of 500, 

600, and 700 °C, respectively. Nanowires annealed at 500 °C show a saturation magnetization 

value (MS ) of over 11.4 × 10−5   emu and a positive coercive field of 67 Oe. In addition, the 

magnetization value of Cr- implanted nanowires shows a decrease trend with increasing annealing 

temperatures. The magnetization versus tempera- ture curves shown in inset of Fig. 7 indicates 

that the Curie temperature for Cr-implanted ZNWs annealed at 700 °C is well above 400 K. The 

carrier concentration is not much im- proved after annealing and in the order of 1015 cm−3 , which 

suggests that FM does not depend upon the presence of a significant carrier concentration. The 

relative high resistiv- ity and low electron concentrations of the Cr-implanted ZnO nanowires 

unambiguously rules out the possible carrier me- diated exchange, such as the Rudermann–Kittel–

Kasuga– Yosida (RKKY) [34] and double exchange mechanism [35]. Moreover, conventional 

super exchange interactions can- not produce long range magnetic order at concentrations of 

magnetic cation of only a few percent, i.e., 3 at.% Cr doped ZnO. 

 

 
 

 Fig. 6 TEM (a), HRTEM (b) and SAED (c) images of ZnO nanowires implanted with Cr 

implantation energies of 100 keV and annealed at 700 °C 
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 Fig. 7  M –F (magnetization–field) plots of ZnO nanowires implanted with Cr implantation 

energies of 100 keV and annealed at temperatures of 500, 600, and 700 °C, respectively. Inset 

shows the M –T (magneti- zation–temperature) curves for ZnO nanowires implanted with Cr and 

annealed at 700 °C 

 

  

Bound magnetic polarons (BMP) model for an oxide semiconductor as a function of doping and 

carrier density was predicted by Coey et al. [34]. The general formula for the oxide is, (A1−x Mx 

)(O 0δ )n , where A is a nonmagnetic cation, M  is a magnetic cation, 0 represents a donor de- 

fects, and the occurrence of different magnetic phases is determined by the polaron and cation 

percolation threshold δp  and xp , respectively. It is predicated that in oxide, ferro- magnetism 

occurs when δ > δp  and x < xp  [36]. The criti- cal defect concentrations for (NO)  establishing 

percolation threshold for long range ferromagnetism order can be esti- mated from r 3 (NO/NO ), 

where NO   is the oxygen density for ZnO, and r is estimated to be about 3.8 × 1018  cm−3 . From 

the SQUID measurements shown in Fig. 7, it is ob- served that the appearance of room temperature 

ferromag- netism compared to as-grown ZnO nanowires can be at- tributed to the larger defect 

density caused by Cr incor- poration. For the as grown ZnO nanowires, the calculated defect 

concentration is about 2 × 1017  cm−3 , whereas for the Cr implanted ZnO nanowires with 

implantation ener- gies of 100 keV, the value is calculated to be greater than 1018  cm−3 . The 

presence of such a large concentration of defects present in the low temperature annealed 

nanowires allows for long range ferromagnetism in accordance with the BMP model. We propose 

that ferromagnetic exchange here in Cr-implanted ZnO nanowires, is mediated by elec- trons and 

defects that form bound magnetic polarons, which overlap to create a spin-split impurity band. 
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4. CONCLUSIONS 
 
In conclusion, room temperature ferromagnetic behavior has been observed Cr-implanted ZnO 

nanowires annealed at 500, 600, and 700 °C. With the increasing of annealing temperatures, the 

intensity of the XRD and PL peaks increased while the FWHM values decreased. The relatively 

high resistivity and low electron concentrations of the Cr-implanted ZnO nanowires 

unambiguously rules out the possible carrier mediated exchange. For the as grown ZnO 

nanowires, the calculated defect concentration is about 2 × 1017 cm−3 , whereas for the Cr 

implanted ZnO nanowires with implantation energies of 100 keV, the value is calculated to be 

greater than 1018 cm−3 . The presence of such a large con- centration of defects present in the 

low temperature annealed nanowires allows for long range ferromagnetism in accordance with 

the bound magnetic polarons theory which mediated by electrons and defects. 
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CdSe/Se multilayer thin films were prepared using sequential thermal evaporation technique by varying the 

thickness of selenium sublayers. Identifying the prominent peaks observed in the XRD spectra of the top 

layer CdSe which corresponds to the (100) plane with wurtzite structure, the average size of the crystallites 

was calculated for the CdSe nanocrystals. Experimentally measured band gaps are larger than bulk band 

gap of CdSe. This confirms the presence of spin-orbit splitting of energy levels. Size of the crystallites was 

then calculated with the theoretical prediction of the effective mass approximation model (i.e., Brus 

model). It resulted in that the diameters of crystallites were much smaller than the Bohr exciton diameter 

(11.2 nm) of CdSe. Thus, the structural and optical properties of CdSe/Se multilayer thin films reveal the 

effect of quantum confinement of CdSe crystallites in Se matrix for various sublayer thicknesses. 

Confinement effect is more pronounced while sublayer thickness of selenium increases. 

 

Keywords: CdSe; Structural; Multilayer.   

 
1. INTRODUCTION 

 
For more than past two decades there has been rapidly growing interest in the preparation of semiconductor 

nanometer- sized particles due to great variety of their potential applications in optoelectronic devices, solar 

cells, etc. The nano- structures of II–VI materials such as CdS [1], CdSe [2], CdTe [3] have attracted more 

attention for their great fundamental, experimental and applied properties. These composites are a good 

subject for studying quantum size effects in semiconductor quantum dots [4, 5]. Preparation of multi- layer 

(ML) thin films showed that the layers deposited in a step-by-step manner were smoother than those made 

in one step [6]. Hence, we chose thermal evaporation technique for fabrication of CdSe/Se ML thin films. 

CdSe has a large exciton Bohr diameter (11.2 nm), and therefore this semiconductor offers the possibility of 

studying quantum confinement effects in higher cluster size regimes [7]. Selenium is con- structed of 

random chains, in such a way that all its atoms are twofold coordinated in chains with a constant dihedral 

angle, but this angle is changing its sign randomly [8]. This makes selenium a mixture of chain and ring 

fragments that allows both electrons and holes to attain measurable drift mobilities. This property of 

selenium will increase the strain and constraints to the adjacent layers in the multilayer systems. Moreover, 

the flexibility of selenium strongly reduces the requirements for matching the lattice constants of the 

mailto:pedro.ortega@unesp.br
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S. No Name of 
the 

Total 
number of 

Order of 
sublayers 

 Thickness of 
sublayers (Å) 

Thickness 
ratio 

Total 
thickness 

 
sample layers in 

the sample 
Bottom Top 

layer layer 
 Se CdSe  

of the 
film (Å) 

 

1 
 

S 1 
 

10 
 

Se CdSe  
 

100 100 
 

1:1 
 

1000 
2 S 2 10 Se CdSe  200 100 2:1 1500 
3 S 3 10 Se CdSe  500 100 5:1 3000 

 

constituent materials in the fabrication of CdSe/Se multi- layers. In this paper, we report on changes in 

optical and structural properties of CdSe/Se ML thin films with respect to sublayer thickness of selenium. 

Moreover, quantum confinement effect due to spin-orbit coupling in CdSe/Se ML systems is also explained 

in view of layer thickness. 
 
 
 
 
2. EXPERIMENTAL DETAILS 
 
 
Chalcogenide MLs of CdSe/Se were deposited by means of physical vapor deposition technique. The 

CdSe/Se MLs were produced in a vacuum chamber at residual pressure of about 5 × 10−5 mbar. A 

consecutive evaporation was carried out from two independent molybdenum crucibles mounted in as far 

as possible distance from each other. CdSe and Se powders (99.99 % Aldrich Chem. Co.) were used as 

source materials.  
 
 
 
 
Table 1 Preparation details of CdSe/Se multilayer thin film samples 

 
 
 
 
 
 
 
 
 
 
 
 
 
Glass substrates were kept at greatest possible distance from the source materials. The sublayer thickness 

and deposition rate of both materials were measured during de- position process using calibrated DTM 

(Digital Thickness Monitor) whose quartz crystal head was fixed close to the substrates. CdSe/Se ML 

samples were prepared with different sublayer thicknesses of Se. In samples S1, S2 and S3, sublayer 

thickness of CdSe was maintained at 10 nm whereas the thicknesses of Se sublayers were 10, 20 and 

50 nm, respectively. The main objective in the present work is to analyze the changes that take place in 

structural and optical properties of CdSe/Se MLs by varying the thick- ness of Se sublayers. The complete 

detail about the sample preparation is given in Table 1. The substrates were not objectively heated during 

the deposition of each sublayer of the CdSe/Se multilayer structures. The structural properties of the 

samples were analyzed by X-ray diffractometer (Shimadzu 6000) and Scanning Electron Microscope 

(JEOL-JSM 6390). The absorption and emission properties of the samples were studied by using UV-Vis 

spectrophotometer (JASCO V-550) and Photoluminescence spectrometer (FLUOROLOG-3 HJY), 

respectively. 
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3. RESULTS AND DISCUSSION 

 
3.1 Structural properties 

 

Identification of the nanocrystalline phases and the determination of the average crystallite sizes of CdSe/Se 

multilayer thin film samples coated with different sublayer thicknesses were carried out from X-ray 

diffraction spectra (Fig. 1). Crystallization of one kind of sublayers in multilayer thin films may not destroy 

its artificial periodicity if the structure of second constituent material is rigid enough to re- strict the 

crystal growth. Therefore, we chose selenium as the second constituent material due to its structure of con- 

structed random chains and rings [9]. The top layer in all the CdSe/Se ML samples is coated with CdSe 

material to protect the selenium sublayers from slow evaporation. It has been shown that the X-ray 

diffraction of CdSe/Se ML films has the prominent peak approximately at 23.5◦ in all the spectra [JCPDS-

02-0330] referring to (100) plane of the for samples S1, S2 and S3, respectively. Fiber-like structures are 

observed on the morphology of all the samples. These structures might be due to the selenium sublayer 

matrices. 

 
 
 
 

 
 
Fig. 1 X-ray diffraction spectra of CdSe/Se multilayer thin film samples with different sublayer 

thicknesses of selenium. Symbol ‘H’ represents CdSe with wurtzite structure. 
 
 



124 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 121 – 127  

 
 
Fig. 2 Scanning electron microscope images of CdSe/Se ML samples S1, S2 and S3 showing 

nanostructures. 
 
 
 
3.2 Optical properties 
 
Absorption and transmission spectra of CdSe/Se ML samples are shown in Figs. 3 and 4. A gradual red 

shift is observed in the absorption edges (shown in Fig. 3) from 670 to shift (marked by arrow marks) is 

observed in the transmission onset of spectra (Fig. 4) of CdSe/Se samples which may be due to the 

splitting of energy bands due to spin- orbit coupling. However, the quantitative analysis to characterize 

the band-to-band electronic transitions is carried out with the optical absorption and transmission spectra 

of the prepared CdSe/Se ML films. Absorption coefficients of the prepared ML samples can be calculated 

with experimentally measured optical transmission values (T) as follows: 

 

the absorption edge of the CdSe/Se ML samples. Moreover, it is inferred from absorption spectra of samples 

S1, S2 and S3 that when the thickness of Se sublayer increases, absorption edge of the CdSe/Se ML samples 

decreases. An abrupt In the equation, d is the thickness of the thin films noted from DTM. Transition 

energies between valance bands and conduction band of CdSe/Se ML samples S1, S2 and S3 were 

calculated by plotting a typical graph between energies 
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It has been generally proved that the quantum confinement effect should be observable if the radius of 

nanocrystallites becomes less than the Bohr excitonic radius of the corresponding material. The shift in 

band gaps due to quantum confinement effect in CdSe/Se ML samples is described theoretically by the 

effective mass approximation. Size of the crystallites was calculated from the shift in energy gap by using 

Brus equation.  

  
 

  

Fig. 5 The plots of (hν) vs. (αhν)2 for the samples S1 (a), S2 (b) and S3 (c) with Γ v –Γ v and Γ v –Γ v 

transitions. 
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Fig. 6  Photoluminescence spectra of CdSe/Se ML samples. 

 

 

transition [18]. The luminescence spectrum of sample S1 consists of an additional relatively weak band 

in the green region at 532 nm along with an intense band in the blue region. The FWHM of the ML 

samples is another note- worthy entity. FWHM of all the CdSe/Se ML samples are larger than 40 nm, 

which is far larger than that of ordinary bulk semiconductor sample. The main reason of this phenomenon 

is the size fluctuation of the quantum dots [19]. The FWHM of the weak band in sample S1 is large and 

can be due to potential effects, inhomogeneous broadening due to size distribution, a distribution in 

electron–hole distances and charge coupling with phonons. There is a splitting of the emission maximum 

observed with the bands centered on 420 and 440 nm in all spectra. This may be due to the emissions from 

the spin-orbit split of excited energy state. The large Stokes shift between the absorption maximum and the 

PL band may be due to the presence of at least one deep trap- ping site and electron–hole recombination via 

trap state [20]. 
 
 

4. CONCLUSION 
 
It is observed that increasing the layer thickness of selenium increases the band gap in CdSe/Se ML 

samples. The main reason for this phenomenon is the structure of selenium. As mentioned earlier in this 

article, selenium is constructed with chains and rings structure on the surface. When thickness of the 

selenium sublayer increases, the depth of the surface wells (where CdSe is filled) on the surface of selenium 

also increases. So that alternating periodical stacking of Se and CdSe sublayers with few nanometers 

thickness in CdSe/Se ML samples promise the opportunity to analyze quantum confinement effect. We 

conclude that quantum confinement effect is more enunciated if the thickness of selenium sublayer is greater 

than the thickness of CdSe layers. This method gives the possibility of preparing nanocrystals of various 
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semiconductors with a relatively smaller size distribution in relatively shorter times than the conventional 

method. Further studies will be carried out in order to produce II–VI semiconductor nanocrystals with 

different materials. 
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Self-assembled InGaN quantum dots (QDs) were fabricated by metal-organic chemical vapor 

deposition. Abnormal temperature dependence of photoluminescence (PL) was observed. The 

integrated PL intensity of QDs sample shows a dramatic increase in a temperature range from 160 

K to 215 K and reaches the maximum value at 215 K instead of 10 K as usual. To interpret 

this phenomenon, a theoretic model of temperature induced carrier redistribution mechanism is 

designed using rate equation, which fits closely with the experimental result. It is concluded 

that carriers’ redistribution from shallow QDs or wetting layer to deep QDs gives rise to the 

unique behavior for InGaN QDs structure.  

 
 
Keywords: CdSe; Structural; Multilayer.   

 

 

 
 
 

1. INTRODUCTION: 

InGaN based self-assembled quantum dots (QDs) via either Stranski–Krastanov (S-K) growth 

mode and/or phase segregation have been considered a promising approach to overcome the 

“green gap,” which represents the rapidly declining external quantum efficiency (EQE) of 

nitride- based light emitting diodes (LEDs) in the green spectral region. Generally, it is believed 

that the deteriorated crystal quality and large piezoelectric field in InGaN alloy induced by high 

indium content give rise to the serious efficiency droop in green LEDs p1,2]. It is expected 

that self-assembled InGaN QDs could relax the strain through the formation of dot-like structure, 

according to the lowest energy principle [3]. Therefore, self-assembled InGaN QDs have 

potential to improve the luminescence efficiency of InGaN green LED with the advantages of 

its defect-free zero-dimension structure, hindrance of carriers’ migration toward the 

nonradiative defects [4], and the reduced polarization effect [5].  
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Several groups have studied the optical property and recombination mechanism of InGaN QDs 

grown by metal- organic chemical vapor deposition (MOCVD) or molecular beam epitaxy 

(MBE) [6,7]. In this letter, InGaN QDs samples were fabricated by MOCVD through self-

assembled method. An anomalous behavior in temperature dependence of photo- luminescence 

(PL) spectrum was observed. Differing from typical QW samples, integrated PL intensity of 

QDs samples do not decrease monotonically with elevated temperature but show a dramatic 

increase in a certain temperature range [8,9]. Similar phenomena in temperature dependent of 

micro-PL in- tensity for QDs in low temperature range were reported by Masumoto et al. and 

explained using a thermal activation model [10]. In our study, a model of carriers’ redistribution 

in self-assembled InGaN QDs was built in form of rate equation to obtain an intensive 

understanding of this phenomenon. 
 
 
 

InGaN QDs samples were grown by commercial MOCVD system. Triethylgallium (TEGa) and 

trimethylindium (TMIn) were used as group III source, whereas NH3 was used as group V 

source. After a 25 nm thick GaN nucleation layer was deposited under 550 oC on sapphire 

substrate, 2 lm undoped GaN layer and 1.5 lm Si doped GaN layer were deposited sequentially 

under 1100 oC. Then, the temperature was reduced to 640 oC for the growth of self- assembled 

InGaN QDs layer. During the growth of InGaN QDs, the flow rate of TEGa, TMIn, and NH3 

was 20 sccm, 100 sccm, and 3.6 slm, respectively. The growth time of QDs layer was 60 s with 

the nominal thickness of 3 nm, which is estimated by the growth rate of thick InGaN film under 

the same condition. The uncapped InGaN QDs sample was fabricated in order to obtain a better 

measurement of surface morphology, while capped QDs sample was grown under the same 

condition except the additional GaN capping layer under 740 oC. Atomic force microscopy 

(AFM) scans were performed to observe the surface morphology of samples using a Nano- scope 

DimensionTM 3100 scanning probe microscope system. A typical PL system with a He–Cd 

325 nm laser was employed to perform the temperature dependent of PL measurements. The PL 

measurements taken for both samples were under the same condition. High resolution 

transmission electron microscopy (HRTEM) images were acquired with a Tecnai G2 F20 FEI-

TEM microscope. 

 

 

The general morphology of uncapped QDs sample is investigated by AFM shown in Fig. 1(a), 

which clearly indicates the feature of QDs structure with a density of 1011 cm-2. Additionally, 

as seen in Fig. 1(b), the height distribution of QDs is extracted from the AFM data with a bi- 

modal distribution consisted of two Gaussian fits. That is, approximately there are two kinds 

of localized positions which are also referred to as sub-ensembles dominated in QDs layer.  

This observation agrees with other published 
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FIG. 1. (a) AFM image of uncapped QDs sample. (b) AFM height distribution for uncapped 

QDs sample. (c),(d) HRTEM bright field images of two isolated InGaN QDs with different 

height. 

 

results of the inhomogeneous broadening of QDs ensemble property due to random variation in 

size and composition [9]. The evolution and physical origin of the bimodal and multi- modal 

distribution of QDs’ height have been explicitly reported by several groups [5,6]. The detailed 

characteristic of QDs structure is analyzed by HRTEM. Figs. 1(c) and 1(d) show the HRTEM 

images of two isolated QDs structure with different size. A continuous 2D wetting layer with a 

thick- ness of about 2 nm was identified from both QDs structures, suggesting the SK growth 

mode. The heights of two QDs shown in HRTEM image are about 1 nm and 2 nm, respectively. 

However, the lateral widths of both QDs shown in HRTEM images are about 10 nm, which 

is much smaller than that measured by AFM, resulting in the aspect ratio of 0.1–0.2. The 

limited tip radius of AFM system may account for the discrepancy of QDs’ size acquired by 

the AFM and HRTEM measurement. The indium incorporation obtained by energy dispersive 

x-ray spectroscopy (EDX) analysis is about 33% for QDs and 17% for the wetting layer, 

which result in the 3D confinement. Furthermore, the PL spectra for the two samples at 10 K, 

215 K, and 300 K are shown in Fig. 2(a). The main emission peaks for both QDs samples are 

longer than 500 nm, of which the corresponding photon energies are smaller than the band 

edge energy of low indium wetting layer. Thus, the main emission peaks of PL spectra for 
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QDs samples, as seen in the Fig. 2(a), could be originated from the QDs structure. Moreover, 

an oscillatory structure with five peaks is visible in the PL spectra of both samples. 

Considering the total epilayer thickness of 3.5 lm, the consequent peaks spacing caused by 

Fabry-P'erot oscillation is about 15 nm in the wavelength range around 500 nm. However, the 

oscillatory structure peaks at 510 nm and 521 nm have the constant spacing of 11 nm over 

the whole temperature range. Previously, researches [7,8] have revealed that such oscillatory 

structure could result from the luminescence of different sub-ensembles of InGaN QDs 

indicated in the height distribution of QDs in Fig. 1(b). In addition, the three shoulder peaks 

observed in PL spectra with equal spacing of 15 nm are owing to the Fabry-P'erot oscillation. 

The temperature dependence of integrated PL intensity for uncapped and capped QDs samples 

are shown in Fig. 2(b). The integrated PL intensities were normalized by the integrated PL 

intensity for capped QDs sample at 10 K to make a comprehensive comparison. It is important 

to notice that integrated PL intensities of both QDs samples appear to increase with temperature 

in the range from 160 K to 215 K and reach the maximum value at 215 K. The anomalous 

phenomenon implies that the recombination mechanism in QDs is different with that in QWs 

structures [3]. We suspect that temperature induced carriers’ redistribution gives rise to this 

abnormal phenomenon. Another evidence is that the temperature dependence of the full width 

half maximum (FWHM) of PL spectrum shows an opposite behavior to the temperature 

dependence of integrated PL intensity, as seen in Fig. 2(b). Due to the constant energy gap 

between the two maxima of PL spectra over the whole temperature range, the FWHM shown 

in Fig. 2(b) is defined as the sum of the FWHMs for two peaks. The FWHM of PL spectrum 

for QDs sample becomes narrower as the integral PL intensity increases and vice versa. The 

variation of FWHM with temperature has also been reported by several groups as a proof of 

carrier redistribution in localized state assembles [9].  

  

 

Considering the inhomogeneous distribution of QDs in size and composition, a simple model 

of InGaN QDs layer is proposed, as shown in Fig. 3. Suppose there are two kinds of sub-

ensembles dominated in InGaN QDs layer correspond- ing to the peaks of two Gaussian fit in 

Fig. 1(b)—the shallow localized positions with localized energy of ES and the deep localized 

positions with localized energy of ED. Assume that the total excitation carriers are divided into 

three parts: NW, the part of carriers in wetting layer; NS, the part of carriers in shallow localized 

positions; and ND, the part of carriers in deep localized positions. There are several 

mechanisms that jointly determine the carriers’ density in each localized posi- tion, including 

photonic excitation, capture, thermal escape, and radiative and nonradiative recombination. 

Based on this model, the formulas that describe the carriers’ redistribution mechanism were built 

in form of rate equation as below dependent of PL intensity for uncapped QDs sample. 

However, there is still discrepancy between the measured and simulated results, which may 

originate from the simple assumption that only two sub-ensembles were existed. In fact, the 

Gaussian-type height distribution of both sub-ensembles is more comprehensive. Gaussian 

distribution increase. Thus, it results in the decline of total radiation efficiency and the broadening 

of FWHM. 
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The simulated carrier density is plotted versus temperature, as seen in Fig. 4(b). Carrier 

density of shallow localized positions Ns decreases in the whole range of temperature, as a 

result of the thermal escape and activation of defect recombination. Then, the thermal escaped 

carriers can be captured by deep localized positions. When the number of carriers gained by 

capture was able to compensate that consumed by recombination, carriers start to accumulate 

and eventually lead to an enormous increase in deep localized positions. Due to the stronger 

confinement for carrier and better crystal quality in deep localized positions, it is reasonable to 

con- sider that the radiation efficiency is higher in deep localized positions. As a majority of 

carriers are converging into deep localized positions, the total radiation efficiency at 215 K is 

enhanced by a factor of 1.38 compared with that at 10 K, and the FWHM is reduced. As 

temperature further increases, however, more carriers escape from QDs and defect-assisted 

recombination is dominating. Concurrently, carriers’ distribution is determined by Boltzman 

distribution. As a consequence of 7 nm in main emission peaks of PL spectrum for capped QDs 

sample compared with that for uncapped QDs sample, as seen in Fig. 2(a). As a result, oscillator 

strength in capped QDs weakens due to the lowered overlap between the wave- function of 

electron and hole by quantum confined stark effect (QCSE). Especially in QDs with larger 

height, the degradation of oscillator strength is more effective. The enhancement of radiative 

efficiency in QDs with larger height is compensated by the degeneration of oscillator strength 

due to the stronger QCSE. While the separation of electron and hole’s wavefunction is 

insignificant in shallow localized QDs because of the small height. Thus, the superiority of 

higher radiative efficiency for the deep localized QDs compare to shallow localized QDs is 

diminished. That reduces the efficiency enhancement to a factor of 1.15 in the capped QDs 

sample, as seen in Fig. 2(b). 
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FIG. 4. (a) Simulated and measured temperature dependence of PL intensity for uncapped QDs 

sample. (b) Simulated NS, NW, ND plotted versus temper- ature for uncapped QDs sample. 

 
 

In summary, based on the analysis and simulation results of anomalous temperature dependence 

of integrated PL in- tensity found in uncapped and capped InGaN QDs sample, it is deduced that 

temperature induced carrier redistribution among different localized positions accounts for this 

anomalous phenomenon. Carriers’ redistribution with temperature results from the competition 

among the escape, capture, and recombination processes. It is expected that radiation of deep 

localized positions is higher than that of shallow localized positions and wetting layer. Thus, in 

a special temperature range, when most carriers converge into deep localized positions, 

integrated PL intensities increase by a factor of 2.5 for uncapped QDs sample, whereas for 

capped InGaN QDs sample, carriers’ recombination in QDs layer suffers from a stronger 

QCSE. That makes the efficiency enhancement diminishes to a factor of 1.25 for capped 

InGaN QDs layer. 
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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. 
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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 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]. 



Exp. Theo. NANOTECHNOLOGY 5 (2021) 137 – 145                                                                                   139 

 

 

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. 
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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, 

 

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) 
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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 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 

 

 

 

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.  
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Figure 6 Structure of the liquid crystal cell: top and lateral view 

 

 

 

 

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,  
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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  

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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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 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]  

http://etn.siats.co.uk/
mailto:Abdulrahman.suliman@su.edu.krd
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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 modification of acoustic phonon 

dispersions and group velocity under the phonon confinement effects [10-12]. 

 

 

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];-  
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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 :- 
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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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                                                                                                   (6)                                                                                              

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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                                                                           (7)                                                                   

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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                                                                                        (8)           

For a small phonon distribution deviations from its equilibrium,  

(  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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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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                                                                                                                         (10)                                                                                                                

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 contributions of the optical modes 

are 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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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) 

Here, 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:-  

   

  
2/12
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                                                                                                                  (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); 
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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, 

dq

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 anharmonic 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, and 3.1% of Si30, then the isotope 

scattering significantly contributes to the thermal resistance of the material [2,13].  
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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
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                                                                                                          (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 represent 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). 

  

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 freestanding cylindrical nanowires 

with a particular diameter .The numerical parameter used in the numerical solution was: 
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  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  C11 and 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 structures 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 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  20nm diameter Nanowires of silicon was not 

available to compare. In order to have a comparable results to this work.  Values of LTC for Si nanowires 
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(20 nm) were calculated by using empirical relations obtained from the experemintal 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:- 

 

  k=2×10-5D3-0.0049D2+0.66D–0.0445(W/m.K)                                                                                 (25) 

   

   Equation (25), gives the lattice thermal conductivity at 300K  for a 20-nm nanowire diameters. The 

processes was 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 300K. 
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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. 

 
Fig 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. 
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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).  

 

 

 

 

4. CONCLUSIONS 

 

Lattice thermal conductivity of Si nanowires is differing significantly from that as macrostructures. 

Strong modification of the phonon dispersion and group velocities due to spatial confinement of phonon 

lead to a significant increase of the phonon scattering and as a result to the decreases of the thermal 

conductivity. Numerical evaluation is a successful method to calculate lattice Thermal conductivity for 

Si nanowires.  The model predication is 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. 

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 

http://etn.siats.co.uk/
mailto:omarsatar2003@gmail.com
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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. 

 

 

Figure 1 The hierarchical structure of the surface of lotus leaf. This figure is reproduced from [9]. 
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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. 

 

 
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 
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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 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 
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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. 

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. 

 

Pinhole Hills
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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). 

 

 

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. 
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Figure 7 Potentiodynamic polarization curves in 1M HCl and 5000ppm NaCl for coated and uncoated 

samples. 

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. 
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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. 
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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. 
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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; Refractive index; Optical fibre sensors; Silver nanoparticles; Surface Plasmon 

Resonance, Finite Element Method. 

  
 

 

 

 

 

http://etn.siats.co.uk/
mailto:aseelibrahim208@gmail.com


Exp. Theo. NANOTECHNOLOGY 5 (2021) 171 – 177                                          172 

 

 

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. Besides, the ability of remote and real-time 

sensing with compact structure and increase the sensing dynamic range. 
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2. EXPERIMENTAL 

 

The designed simulation model was a Large Mode Area PCF (LMA-PCF) had a hexagonal six air hole 

rings centred 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]: 

 

∇ × 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]:  
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∇ × ∇ × 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 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. 
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(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. 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. 
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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. 

 

 
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. 
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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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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; 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, 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 

http://etn.siats.co.uk/
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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 dispersion 

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 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 
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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 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 . 
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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] 

 

 
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. 
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content (wt%) 
Eg (eV) 
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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 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 
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The complex dielectric constant ε is the material's ability to polarize, whose expression is given 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. 

 

 
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 

FTIR spectroscopy is a good selection for both organic and inorganic materials to study the molecular 

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- 
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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 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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