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In this paper the linear and nonlinear optical (NL) properties of ZnO-TiO2-PMMA nanohybrids 

films prepared via solution casting method were investigated. The effect of film thickness on the 

linear optical properties has been studied using UV-Vis spectrophotometer while the NL 

properties have been characterized using Z-Scan technique. The results show that the energy 

band gap (Eg) and nonlinearity are increased as the sample thickness increased. The nonlinear 

refractive index (NLR) (cm/W2), nonlinear absorption coefficient (NLA) (cm/W) and third order 

susceptibility χ (3) (esu) are of the order 10-7, 10-6 and 10-5 respectively. The optical limiter 

threshold around (35-66) mW and depend on the sample thickness (optical limier increased as 

the sample thickness increased). 

 

 

Keywords: ZnO-TiO2-PMMA; Nanohybrids; Z-scan technique; Optical properties.   

 

 

1. INTRODUCTION 
NL materials have been explored greatly for their various applications in all-optical switches, 

photonic devices, optical modulation and optical sensor protection [1–6].  A high nonlinearity 

and ultra-fast response time of organic materials improves their importance for optical limiting,  

Also, among all organic materials, p-conjugated polymers have received significant interest as 

third-order nonlinear optical materials for photonic switching devices, optoelectronic materials 

for light emitting diodes and  solar cells [2,7,8]. In the recent years, many researchers interested 

in the linear and NL properties of a matrix transparent films consisting of polymer, organic dyes, 

and TiO2 or ZnO nanoparticles [9-17].  A matrix of Polymer-TiO2 nanohybrids has been studied 

for their novel optical properties. They show a very fast recovery time of 1.5 picosecond and 

high optical nonlinearity up to 1.93×10-9 esu as observed by Z-scan technique using 250 femto-

http://etn.siats.co.uk/
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second laser pulses at 780 nm [10]. The dependence of the optical limiter and nonlinear optical 

properties on the dopant concentrations of TiO2 in PMMA was studied in [18]. TiO2-ZnO 

nanohybrids shows a great enhancement in the optical nonlinearity [19, 20].  In this paper the 

linear and nonlinear optical properties of PMMA-TiO2-ZnO nanohybrids films of different 

thickness have been studied. 

 

2. EXPERIMENTAL PART 
           PMMA-TiO2-ZnO nanohybrids were prepared using solution casting method [7] where 

poly(methyl methacrylate) (PMMA, Veracril, Colombia ) was first dissolved in chloroform ( 

CHCl3, 99% , BDH chemicals Ltd Poole England ) in beaker 1 meanwhile 2 wt% of titanium 

peroxide nanoparticle ( TiO2, 99.8%,  particle size = 50 nm, Hongwunanometer, China ) and 0.2 

wt% of zinc oxide (ZnO, 99.8%,  particle size = 80 nm, Hongwunanometer , China)  were 

dispersed  in chloroform in beaker 2. Both beakers were stirred for 4 hours, then sonicated for 

30 minutes, finally both solutions were mixed together and stirred for 10 hours, then sonicated 

for 20 min to obtain the homogenous mixture. The mixture of the solutions was poured into a 

Petri dish and left at room temperature for 24 hours to evaporate the solvent. The films coded as 

(TZ125, TZ195, TZ290 and TZ420) for thickness (125, 195, 290, and 420) μm respectively. The 

UV-visible spectrum of these samples was measured using (Metertech SP8001, Taiwan). The 

nonlinear optical properties of the nanohybrids were measured using Z-scan Technique. The 

excitation source of this system is CW Nd-YAG laser (MIL-111, Changhun new industry, china) 

with wavelength of 1064 nm. The output beam is focused onto the sample by using a bi-convex 

lens with a focal length of 15 cm, giving a spot size of ~ 60 μm. Open aperture form of the Z-

scan setup is used to determine the two photon absorption coefficient by assuming the total 

nonlinear absorption effect as = 𝛼𝑜 + 𝛽𝐼 . For Gaussian laser beam, the normalized change in 

transmittance ∆T (z) for open aperture is described by [21] 

∆𝑇(𝑧) ≈  −
𝑞𝑜

2√2
 

1

[1+𝑍2

𝑍𝑜
2⁄ ]

                                                                            (1) 

Where 𝑞𝑜 = 𝛽𝐼𝑜𝐿𝑒𝑓𝑓  , zo is the diffraction length of laser beam, β is the two photon absorption 

coefficient, Io is the intensity of the laser beam, Leff is the effective thickness. The closed aperture 

form of the Z- Scan is used to obtain the nonlinear refractive index (n2) by using [22]. 

∆𝑇𝑝𝑣 = 0.406(1 − 𝑆)0.27|ΔΦ𝑜|                                                                   (2) 

 

Where  ΔΦ𝑜 =
2𝜋

𝜆
𝑛2𝐼𝑜𝐿𝑒𝑓𝑓 , ∆𝑇𝑝𝑣 is the normalized difference of the maximum (peak) and 

minimum (valley) transmission in the closed aperture scheme,  ΔΦ𝑜  is the induced phase shift 

in focus due to nonlinear refraction, S is the aperture transmission. 

The imaginary and real parts of the third order nonlinear optical susceptibility of nonlinear 

optical material is calculated by the relations [23] 

Im(𝜒(3)) = (𝑛𝑜
2𝜀𝑜𝑐𝜆 2𝜋⁄ )𝛽                                                                           (3)                                                                                          

Re(𝜒(3))(𝑒𝑠𝑢) =  
𝑛𝑜

2

0.0395
𝑛2(𝑐𝑚2𝑊−1)                                                          (4) 

Where 𝑛𝑜 =
1+𝑅

1−𝑅
+ √

4𝑅

(1−𝑅)2 − 𝐾2 is the linear refractive index, 𝜀𝑜 is the vacuum permittivity and 

c is the light velocity  

The value of the third order nonlinear optical susceptibility of these films was calculated using 

[7] 

𝜒(3) = [(Re𝜒(3))
2

+ (Im𝜒(3))
2

]
1 2⁄

                                                               (5) 
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3. RESULTS 

3.1 Characterization, formation of TiO2 phase 

      Chemical composition, properties of ZnO-TiO2-PMMA nanohybrids are shown in figure 1. 

This Figure shows a broad band around 3600-3805 cm-1 which is due to OH stretching (39) on 

the surface of titania particles, and the band around 2839-2964 cm-1 indicates the O –CH3 

stretching of the PMMA. The peaks around 1728, 1458, and 1150 cm-1 assigned to C=O stretch, 

C-H bending, and C-O stretch of the PMMA respectively [13.14]. The peak at 744 cm-1 is the 

stretching vibration of Ti-O band [19]. The figure shows a peak at 478 cm-1 indicate the ZnO 

stretching vibration. 

 
Figure .1, FTIR spectrum for ZnO (0.2w %) film. 

3.2  Linear optical properties  

          The linear optical transmittance, absorbance and the band gap values of the Nano-

composites for different sample thickness (200-1100) nm has been shown in Figures 1, 2 and 3 

respectively.  

 

 

 
Figure 1. Transmittance spectra of PMMA-TiO2-ZnO nanocomposite thin films (zno=0.2) 

with different thickness TZ125, TZ195, TZ290 and TZ420 respectively. 
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Figure 2. Absorption coefficient of PMMA-TiO2-ZnO nanohybrids thin films with different 

thickness TZ125, TZ195, TZ290 and TZ420 respectively. 

 

 
Figure 3. Optical band gap energy of PMMA-TiO2-ZnO nanohybrids film with different 

thickness TZ125, TZ195, TZ290 and TZ420 respectively. 

. 

Figure 1 indicates that the transparency of the films decreasing with the increasing in film 

thickness due to the electrostatic interaction between particles becomes larger leading to increase 

the probability of particles to be gathered forming agglomerated particles which causes light to 

be scattered [8]. The linear absorption spectra shown in Figure 2, demonstrate that all four 

nanohybrids thin films are highly transparent in the visible region. It can also be seen that the 

higher sample’s thickness TZ420 exhibit a higher absorbance than other samples (TZ125, 

TZ195, and TZ290).  

           The direct optical energy  band gap energy (Eg) were obtained from Tauc’splot of (αhν)2 

versus photon energy for all thin film thickness were  presented in figure (3). The band gap Eg 

were calculated to be (4.33, 3.62, 3.54 and 3.10) eV for TZ125, TZ195, TZ290 and TZ420 

respectively. |It was shown that as the thin film thickness increased, the band gap energy of TiO2 

decreased, which improve minimum energy required for electron excitation from valence band 

to conduction band [16]. 

              The linear refractive index (no) of the nanohybrids measured at 1064 nm is 2.592, 2.630, 

2.577 and 2.187 for TZ125, TZ195, TZ290 and TZ420 thickness respectively. 
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Table 1. Linear properties of TiO2-PMMA with different film (zno=.2) thickness TZ125, 

TZ195, TZ290 and TZ420. 

Sample Code Film thickness μm αo (cm-1) Eg (eV) no 

Tk125 125 52.83 4.33 2.592 

TK195 195      47.58 3.62 2.630 

TK290 290 36.08 3.54 2.577 

TK420 420 34.15 3.10 2.187 

 

 

3.3 Nonlinear optical properties  

The NL properties of PMMA-TiO2-ZnO nanohybrids films as a function of film thickness were 

characterized using Z-Scan technique. Figure 4 shows the open and closed aperture Z scan for 

all transparent films. 

  

 

Figure 4. Open aperture and (b) Closed aperture Z-scan measurement results for TZ125, TZ195, 

TZ290 and TZ420 films respectively performed with 1064nm. The input irradiance was 

2.12×10-3 MW/cm2 and beam waist 60 μm. 

 

From Figure (4.a) the curves show symmetrical and minimum values at z=0 which correspond 

to β >0 and the two photon absorption behavior of the nanohybrids. Figure (4.b) show that all 

the films exhibit self-focusing behavior (n2>0), normalized transmission exhibit minimum 

“valley” followed by maximum "peaks",  the values of β , n2 , and the third order nonlinear 

optical susceptibility of these films  χ(3) are shown in table(2). 

 

3.4 Optical limiter 

            From figure 5, It is shown that adding ZnO 0.2wt % nanoparticles  into  the  nanohybrids 

TiO2+PMMA enhance the optical limiting behavior of the hybrid  samples compared  with  pure 

TiO2+PMMA films, also as the film thickness TZ125 increased the limiting threshold 

increased(see table.2). 
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Figure 5. (a-d) optical limiting behavior of 0.2wt% ZnO in TiO2+PMMA for different film 

thickness TZ125, TZ195, TZ290 and TZ420 respectively. 

 

Table.1 Nonlinear optical properties of TZ125, TZ195, TZ290 and TZ420 films. 

Sample thickness 

Code 

n2 (cm2/W) 

x10-7 

β (cm/W) 

×10-6 

χ(3) (esu) 

x10-5 

Optical limiting 

threshold (mW) 

TZ125 15.5 8.83 26.4 35 

TZ195 4.79  7.54 8.39 45 

TZ290 4.66  6.42 7.83 50 

TZ420 3.17  3.37 3.84 66 

 

4.  CONCLUSIONS 

            The optical response of ZnO doped TiO2 – PMMA nanohybrids prepared via solution 

casting method are investigated using UV-Vis spectrometer and it found that film transparency 

and band gap energy is decreased as the film thickness increased. The nonlinear optical response 

was characterized using Z scan technique and it found that the nanohybrids exhibit decreasing 

in optical nonlinearity as the film thickness increased. The observed NLA is explained by two 

photon absorption and the NLRis explained by self-focusing.  
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Graphene is a flat layer of carbon atom, and is a layer of graphite with a thickness of a few tenths 

of a nanometer that due to its porous structure and high ionic transfer rate, it has been considered 

in electronic applications, such as cloud storage capacitors with high energy. In this research 

work, laser scribed technique has been regarded to synthesize grapheme on the surface of a DVD 

and manufacture graphene and graphene composite super capacitors with Molybdenum 

disulfide. For this purpose, first, by Hummers method, graphite was converted to graphene oxide 

(GO) in an acidic environment containing Sodium nitrate, Potassium permanganate and sulfuric 

acid. Centrifuges and ultrasonic devices were utilized for the homogenization of graphene oxide 

solution. GO homogeneous solution was applied on the surface of specific DVDs and the set 

was dried at room temperature. For GO reduction and transform it into graphene, a suitable laser, 

with programming of super capacitor particular pattern was used. By applying energy with the 

amount of resonance frequency of graphene and oxygen bond, the laser broke the connection 

and the reduction action and reaching to graphene was done. Thus, the optimal wavelength of 

laser was determined to reduce the GO. In this study, the process of graphene synthesis and 

applying the super capacitor specific pattern were carried out in single step that is the biggest 

advantage of laser scribed graphene (LSG) method. In present study, TEM was utilized to 

examine the layered structure of GO, SEM was used for microstructural studies the XPS was 

used to investigate elements present in the layer applied on DVD, and the Raman spectroscopy 

was applied to investigate the quality of prepared graphene through studying G and D peaks., 

two tests of cyclic voltammetry (CV) and Galvano static charge/discharge (CC) were applied to 

study the performance and power of energy storage in super capacitors, Finally the long-term 

charge-discharge stability of the LSG was plotted which indicates that specific capacitance has 

decreased very slightly from its primary capacitance of ~ 10 F cm-3 and its cyclic stability is 

favorable over 1000 cycles. 

 

Keywords: Graphene; Laser Scribed; Lithography; Synthesis; Hummers method..   
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1. INTRODUCTION 

 

 Nowadays an increasing use of portable electronic devices can be seen in industrial and 

experimental applications, medical equipment's and even daily used cell phones and laptops in 

which the power storage and power durability is a must-have specification of all these devices 

[1-2]. Miniaturized power storage devices are applied in these devices, where batteries and 

supercapacitors are the most used ones. Fast charge and discharge beside long cycle life and high 

power density are the three properties to make supercapacitors attract more attention than 

batteries [3-4]. Carbon based materials play important role in manufacturing supercapacitor 

electrodes and have been heavily investigated [5]. Graphene, a 2D allotrope of carbon, possesses 

unique electrical and mechanical properties such as outstanding electrical conductivity, very 

high theoretical surface area of 2630 m2/g, promising flexibility and tensile strength of 130 GPa. 

Thus graphene Nano-flakes are believed to be suitably applicable in supercapacitor and other 

energy storage devices [6-9]. Optical properties of bilayer, chair-like and boat-like graphenes 

investigated by Reshak's group [10, 11], or magnetic properties of doped grapheme studied in 

other cases [12, 13].  The drawback of using graphene, however, is its restacking tendency after 

exposure to electrolyte [14, 15] 

It has been observed that production of graphene derivatives such as graphene oxide (GO) are 

more convenient than graphene sheets [16]. GO could be chemically [17]or thermally [18] 

reduced to form graphene. The reduced graphene oxide will contain numerous defect sites, 

which are favorable for electrochemical applications [19].A recently invented method of 

reducing graphene oxide by Kadyetal shows promising advantages over conventional techniques 

for energy storage applications. They use commercially available Light-scribe DVD burner 

drivers to convert graphene oxide (GO) into reduced graphene oxide (rGO). The IR laser diode 

of the optical driver irradiates laser beam with a wavelength of 780 nm, which forces oxygen 

atoms to leave the graphene oxide structure. The resultant reduced graphene oxide called LSG 

(lightscribe graphene) is highly defective so that it possesses excellent performance as a 

supercapacitor [20]. 

By controlling the laser beam it is possible to pattern desired features on the graphene oxide [21, 

22]. Kady et al used this technique to fabricate inter interdigitate electrodes showing them as 

plausible candidates for flexible energy storage devices [23]. On the other hand, Tianet al 

facilitated LSG to build planar transistors, photo detector, load speakers and pressure and strain 

sensors concluding that wafer scale direct printing of graphene based devices can be achieved 

by Light scribe optical drives [24-27]. Electrochemical properties of LSG have been investigated 

by Griffiths etal. They take the advantage of highly effective surfaces of LSG's to fabricate 

working electrode with fastest heterogeneous electron transfer rate even in comparison with 

commercial ready edge plane pyrolytic graphite (EPPG) and basal plane pyrolytic graphite 

(BPPG), and illustrate that the LSG's fabrication method is inexpensive, scalable and compatible 

with disposable biosensor format [28]. 

 

2. METHOD OF ANALYSIS 

 

The resulting suspension was uniformly drop cast on the laser-scribing DVD disk and 

then dried under air ambient. The GO coated DVD disk was placed in a LightScribe DVD drive 

with a wavelength of 780nm and a spot size of 20μm. The reduced composite was separated 

from DVD disk and was glued to the polyethylene terephthalate (PET) substrate. As prepared 

electrodes were wired out by copper wire using silver paste and the exposed areas of silver paste 

to electrolyte were passivated.  
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The electrochemical properties of GO/rGO supercapacitor working electrodes were 

evaluated in a three-electrode system with platinum rod as counter electrode, a standard Ag/AgCl 

electrode as reference electrode and 0.5M KCL solution as electrolyte.  

Cyclic voltammetry (CV) at different scan rates and galvanostatic charge-discharge at various 

current densities were carried out on apotentio/galvanostat system. The Electrochemical 

Impedance Spectroscopy (EIS) measurements were performed in the frequency range from 0.1 

Hz to 100 kHz with 5mV ac amplitude at open circuit potential. Furthermore, the laser scribing 

process was utilized to pattern GO/rGO composite onto interdigitated electrodes for the 

fabrication of flexible micro supercapacitors. Copper tapes were glued to the patterned 

electrodes. The gel electrolyte for microsupercapacitor was composed of KCl and PAAK 

polymer. 2g PAAK was added to 2mL 0.5M KCl solution under vigorous stirring, until a clear 

solution was obtained. A proper amount of gel electrolyte was dropped on the sample and then 

spin coated at 2000 rpm for 30sec to create a uniform gel electrolyte surface. CV curves and 

galvanostatic charge and discharge profiles of GO/rGO based micro supercapacitor were taken 

between cut-off voltages of 0 and 1 V using the two electrode systems. Figure 1 illustrates the 

schematic representation of fabrication process for the flexible micro-supercapacitor. 

 

 

 
Figure.1. Schematic representation of flexible micro-supercapacitor (LSG) fabrication. 

 

 

3. EXPERIMENTAL PROCEDURE 

 

GO was prepared by the modified Hummers’ method as reported elsewhere [10]. 

Briefly, 2g graphite powders were added to a mixture of 1g NaNO3 and 46ml H2SO4% and 

the mixture was cooled to 10 °C using an ice bath. In the next step, 6g KMnO4 was gradually 

added to the above solution and the reaction temperature was maintained below 20 °C. The 

mixture was then stirred at 35 °C for 2 h. The resulting solution was diluted by adding 92 ml of 

water until a dark brown suspension was obtained. Then, the solution was treated by adding 

340ml H2O2 solution. The resulting graphite oxide suspension was washed several times by 

10% HCl aqueous solution and then by distilled water. Finally, a uniform suspension of GO 

nanosheets was obtained by adding water to the resulting precipitate and 12h sonicating. The 

obtained slurry was centrifuged at 1,500 rpm for 45 min, and the top 1/2 supernatant was 

collected. The collected supernatant was further centrifuged at 3,000 rpm for another 45 min.  
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To produce a GO/DMF solution, GO was directly added to DMF at an initial 

concentration of 0.2 mg mL–1 , and then subjected to gentle sonication at 100 W for 60 min. 

The obtained GO/DMF solution was brilliant yellow, and could stand for weeks without obvious 

precipitates 

 

4. RESULTS AND DISCUSSION 
 

In the Raman spectra of the GO and the LSG are shown in Figures 2a and 2b. As can be 

seen in the figure, both the graphene oxide and the laser scribed graphene exhibit typical disorder 

D bands at around 1350 cm-1. Although, graphitic G bands and amorphous 2D bands existing at 

1585 cm-1 and 2360 cm-1 can be found in both the GO and the LSG. Our LSG has a lower 

structural sp3 defects as there is a slight decrease in relative intensity of ID/IG after laser scribing. 

This figure although presents the fact that few layers of graphene were generated after laser 

irradiation as can be deduced from the increase in relative intensity of 2D band [29].  

 
 

Figure.2. Raman spectra of graphene nanosheets, before (a) and after (b) laser 

irradiation. 

 

The comparison of bonding configuration of carbon and oxygen before and after the laser 

treatment of GO is presented through the following XPS study. Figure 3 shows XPS results of 

graphene oxide and laser scribed graphene. Laser irradiation causing disappearance of the 

intense peak around 287eV, which is attributed to sp3-type carbons, indicates that majority of 

carbonyl and hydroxyl groups were removed by laser irradiation [23, 24]. Another peak removed 

after laser irradiation was again around 287eV, causing noticeable decrement in ratio of oxygen 

to carbon which indicates reduction of GO to rGO, followed by turning into rGO sheets. 
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Figure.3. XPS results of graphene nanosheets, before (a) and after 

(b) laser irradiation. 

 

Fig. 4 illustrates laser-scribed surface of graphene oxide, indicating how the laser scribe 

method works. Graphene synthesis and giving the supercapacitor pattern are occurred 

simultaneously, which is considered to be the principal advantage of this method. Laser beam 

diameter is approximately 19.9 µm and the distance between adjacent scratches is about 4.6 µm. 

The reduction of GO is clearly seen in Fig. 4 (c) and Fig. 4 (d). Fig. 4 (c) demonstrates the 

formation of graphene sheets, and generally the plane state is observable, and the Fig. 4 (d) shows 

that these formed sheets possess a distance between them and are not stuck together so that ionic 

exchanges and relocations are carried out.  
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Figure 4. SEM images of the laser scribed surface of graphene oxide at a low (a) and a 

high (b) magnification. Reduction of GO and the formation of graphene sheets (c) with a clear 

distance between them (d). 

 

To investigate the supercapacitance operation of GO/rGO composites with different mass 

ratios, their electrochemical properties have been investigated. For this aim,, the CV curves of 

GO/rGO composites were taken between cut-off voltages of 0 and 1 V versus Ag/AgCl reference 

electrode at different scan rates from 10 (mV/s) to 200 (mV/s). These curves are gathered in 

Figure 5. it could be understood that fabricated supercapacitor possesses a stored power, and it 

could be seen at various voltages after testing for 5 times. Since this is a V-I diagram and the 

internal area of diagram indicates the stored power (P=V"." I), it could be mentioned assertively 

that a supercapacitor has been fabricated. 

 

By comparing this CV patterns with a similar work of Maher F. El-Kady et al. [20] which 

has been illustrated in Fig. 6, based on the inner area of the V-I diagram that is equal with the 

storing power, it could be concluded that this manufactured supercapacitor possesses a higher 

storage power. 
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Figure.5- CV curves of GO/rGO composites at scan rate of 10, 20, 50, 100 and 200 

mV/sec in a voltage range of 0 and 1000mV in a three electrode system. 
 

For further investigations of proposed electrodes, the galvanostatic charge-discharge 

characteristic of five samples at different current densities are illustrated in Figure 6 

As shown in Figure 6, longer time is needed for discharging multilayer. 

The specific capacitance of different electrodes can be calculated based on the following 

equation [30]: 

𝐶𝑚 =
𝐼 × ∆𝑡

∆𝑉
 

(eq.1) 

Where I refers to the discharge current density (A/cm2), Δt is the discharge time, and ΔV 

is the discharge potential range (V).The galvanostatic CC curves have been illustrated in Fig. 6. 

It is obvious that the specimen has absorbed the energy and returned it to the circuit which has 

been tested twice. For determining the specific capacitance of this specimen, the following 

calculations have been made:  

For I = 1 A g−1 : 

Cm =
I × ∆t

∆V
=

1 × 6

600 × 10−3
= 10 F g−1 

For I = 0.1 A g−1 : 

Cm =
I × ∆t

∆V
=

0.1 × 58

600 × 10−3
= 9.7 ~ 10 F g−1 

The specific capacitance of specimen has reached the amount of 10 F g -1 and has the 

capability to function as a supercapacitor. 

 
Figure.6- Charge discharge curves of GO/rGO composites at current density of 0.1, 

and 1 mA/cm2 in a voltage range of 0 - 1000mV in a three-electrode system. 
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The long-term charge discharge stability of the GO/rGOcomposites were also 

investigated over 1000 cycles at a current density of 0.5 mA/cm2 between cut-off voltages of 0 

and 1V versus Ag/AgClreference electrode and are illustrated in Figure 7. It can be observed 

that the GO/rGO consequences in larger specific capacitance of the electrode, at the price of 

deterioration in capacity retention. However, even at the end of 1000th cycle, the specific 

capacitance of GO/rGo composite is about 10 F/g. 

The long-term charge-discharge stability and capacitance retention over 5000 cycles was 

investigated by Wen, Fusheng, et al. [29] for LSG/SWCNTs-MSC By considering our resultant 

stability diagram, it could be mentioned that capacity decrease in Wen, Fusheng, et al. [29] after 

1000 cycles is a bit higher than what we have achieved in Fig. 7. The capacity retention in our 

study reaches approximately 95 % after 1000 cycles which is quite satisfactory and close to the 

optimal amount of 98 % after 1000 cycles.   

 
Figure.7- long-term charge discharge stability of GO/rGO composites at current 

density of 0.5 mA/cm2 in a voltage range of 0 and 1000mV in a three electrode system. 
 

For this case, fabrication of laser-scribed micro supercapacitor electrode was 

accomplished which is illustrated in Figure 8. This micro supercapacitor is composed of 20 

interdigitated electrodes of GO/rGO, separated by insulating spacers of GO/rGO.  

 

 
Figure.8–Optical image of GO/rGO electrode (a). An optical photograph showing the 

flexibility of the MSC electrode (b) and the bending angle representation for MSC electrode(c). 
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A comparison of the specific capacitance of LSG supercapacitors has been provided in 

Table 1. The cross-section image of the LSG exposes a thickness of about 7 (μm). The volumetric 

capacity of LSG multilayers was computed based on the areal capacitance and the cross section 

image. Our calculations offer that LSG micro supercapacitor has superior electrochemical 

properties rather than two previous works. 

 

 

Table 1: Comparison of the specific capacitance of LSG supercapacitors produced by 

various methods. 

Electrode material Specific capacitance (F/cm3) Reference 

LSG ∼2-3 [23] 

LSG ∼6 [29] 

LSG  ∼10 This work 

 

 

5. CONCLUSION 

 

In summary, LSG multilayer were successfully obtained by laser irradiation of LSG on 

the DVD disk. Raman and XPS consequences confirm that the laser irradiation properly reduce 

GO to graphene sheets. The performance of LSG supercapacitors as promising candidates for 

supercapacitor bulk electrodes and micro-supercapacitors were confirmed by galvanostatic CC 

and CV experiments. The present results prove that LSG flexible micro-supercapacitors offer 

higher specific capacity (8 F cm-3) at both high and low current densities than pristine graphene 

electrodes (2-3 F cm-3). Galvanostatic charge-discharge experiments, CV and EIS 

measurements were employed to characterize LSG composite as promising candidates for super 

capacitor bulk electrodes and micro super capacitors. The results prove that LSG flexible micro 

super capacitors offer higher specific capacity and better capacity retention at both high and low 

current densities than pristine graphene electrodes. In addition, the performance of these 

microsupercapacitors is still appropriate at different bending angles. 
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 In the present paper, we focus on the ability of phononic crystals to treat the different elastic 

wave's frequencies at the same structure.  Changing the periodicity of the structure from perfect 

and defect structure can modify the width/position of phononic band gaps. By comparing 

between one, two and four defect layers inside perfect ones, interesting results concerning the 

localized peaks with the band gaps were obtained. Since the width of band gaps and the number 

of localized peaks is increased by increasing the defect layers. Moreover, we pay more attention 

in comparing the band gaps between periodic and quasi-periodic structures. A multifunctional 

PnC structure could be obtained depend on periodicity and materials types were investigated and 

discussed. These results may be of potential importance in many engineering applications such 

as mechanical filters and vibration isolation devices. 

 

Keywords: Phononic band gap; Defects; Crystal. 

 

 

1. INTRODUCTION 

         Phononic Crystals (PnCs) are periodic composites structures can produce exceptional 

control over the propagation of elastic and acoustic waves [1-6]. The term ''phononic'' was 

derived from the name '' phonon'' which considered a quantization of lattice vibrations. PnCs 

was proposed in analog to photonic crystals, which have been introduced to control 

electromagnetic waves propagation [7-8]. PnCs can manipulate wavelengths from centimeters 

to nanometers ranges [9-10]. Therefore, PnCs were able to control, transmit and attenuate the 

propagation of sound, ultrasonic, hypersonic and heat frequencies. The intellectual property in 

PnCs is the existence of the so-called phononic band gaps. Within these band gaps, all 

frequencies are not allowed to propagate, while any frequencies outside band gaps are free to 

propagate. Based on these novel properties of PnCs, many different applications can be 

introduced in the field of acoustics and all elastic engineering applications such as filters, 

transducers, noise suppression and actuators [11-12].  

http://etn.siats.co.uk/
mailto:arafa.hussien@science.bsu.edu.eg
mailto:arafa16@yahoo.com
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The main principle factors in the formation of phononic band gaps are Bragg diffraction law and 

Brillouin zone [13-14].  When a mechanical wave incident on the face of a PnC structure, there 

are some parts of its energy will interact with the other parts at the interfaces between the 

constituent materials. As a result of the constructive interference with the Brillouin zone, waves 

are attenuated and band gaps formed. The other frequency bands known as pass bands, 

destructive interference dominated and waves effectively propagate through the structure. The 

width of the phononic band gap increases by using materials with a significant acoustic 

impedance mismatch. 

The properties of phononic band gaps are considered a crucial factor in the formation of PnCs. 

There are several parameters have pronounced effect on band structure and band gaps behavior. 

Defects inside PnC structure can play a useful role on the width of band gaps and localized 

waves. Also, ordered and disordered composite structure can affect the properties of phononic 

band gaps [15-16].  

In the present work, we paid more attention in studying the difference between periodic, quasi-

periodic and defected PnCs structures on the propagation of elastic waves. Also, we emphases 

on the role of the defect layer in producing local resonance inside phononic band gaps. Defect 

layers introduce sharp peaks inside the phononic band gaps and increase band gaps width as 

well. The transfer matrix method (TMM) is used for this purpose. The Transmission coefficient 

is plotted for elastic waves; we will consider the transverse waves (S-wave). Moreover, we are 

interested in studying the propagation of waves through Fibonacci quasi- periodic PnC structure. 

 

2. THEORETICAL TREATMENT 

 

2.1. PnC Structure   

The 1D PnCs (A/B)N structure is shown in Fig. 1. The structure consists of repeated unit cells.  

Each unit cell has two different materials A and B with the thinness, a1 and a2, respectively.  The 

number of periods is N.  The lattice constant,  𝑎 = 𝑎1 + 𝑎2. 

 

            

 

B   

 

 

 

A     

         

  𝒂𝟏  𝒂𝟐       𝑻𝒉𝒆 𝒊 𝒕𝒉 𝒖𝒏𝒊𝒕 𝒄𝒆𝒍𝒍    

Figure.1. A schematic diagram of a perfect 1D PnC structure. 

    In order to mathematically describe how waves propagate through space and time, the 

partial differential equation for  1D wave propagation is defined as   [5, 6]. 
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c ,            for longitudinal wave,                   (1)        

                          22 
T

c ,            for transverse wave,                     (2) 

 

where  is the displacement potential, for the normal incidence case 
xxv  /

 is the 

displacement component,  /)2( Lc  /and Tc  are the longitudinal and 

transverse waves speeds respectively, and 2/22
x .  

 

 

 

 2.2. TMM and Transmission coefficient 

  

      The transfer matrix method of a 1D PnCs is discussed extensively in [5, 6].  The transmission 

coefficient of an elastic wave incident normal to the face of PnC structure subjected between two 

semi-infinite solid, is given by, 

                                ,
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                      (3) 

Where 0E  and eE are Young's modulus of the two semi-infinite solids at the left and right of the 

PnC structure, 𝑈l and 𝑈0 are the Transmitted and incident amplitude, respectively. ),( jiTTij 

are the elements of the total transfer matrix T: 
11

...... TTTTT inn 
  with '

1
'
2

TTT
i
  , and '

j
T given in 

references [5, 7].  

 

 

2.3. Defected 1D-periodic structure 

 

    In this subsection, we calculate the TMM of the defected PnCs structure considering that we 

have immersed a defect layer of thickness 
d

a  to a periodic structure as shown in Fig.2. 

 

 

 

 

 

 

 

 𝑎𝑑 

𝑎𝑑  

 

Figure.2.  A Schematic diagram of a 1D defected PnC. 
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According to the previous description, our structure can be specified by the following matrix 

equation, 

.ab
TTTT d                                                                                                                           (4) 

Since T is the total transfer matrix of the structure and it is calculated as a product of three 

matrices, since the first one 
b

T  describes the first periodic structure before the defect and it is 

given as 
'

12
' with.......

11
TTTTTTTT iinnb


 ,                                                                                    (5) 

since n is the number of unit cells of the first periodic structure, 
d

T  is the second matrix describes 

the defect layer and 
'

j
T  is given in references [5]. The third aT describes the second periodic 

structure after the defect and it is given as  
'

12
' with.......

11
TTTTTTTT iimma 

 ,                                                                                   (6) 

since m is the number of unit cells of the second periodic structure.  

 

3.  NUMERICAL RESULTS AND DISCUSSIONS 

        In this section, the numerical results are presented to verify the comparison between 

phononic band gaps in periodic and Fibonacci quasi-periodic PnC structures. Also, the effects of 

single, pair and four defect layers on phononic band gaps are discussed. Table 1 present the 

materials used in our calculations.  

 

Table 1. Materials constants 
Materials 

 

Mass 
density  

  

(kg/ m3) 

Transverse 
wave speed 

v (m/sec) 

Copper 8930 2300 

Lead 11400 690 

Epoxy 1180 1160 

Gold 19320 1200 

Nylon 1110 1048 

 

 

3.1. Comparisons between phononic band gaps in periodic and Fibonacci quasi- periodic PnC 

structure 

  

In this sub section, we will compare between the effect of periodicity (PnCs and quasi-periodic 

PnC structure) on the phononic band gaps by plotting the transmission coefficient for plane 

waves (transverse wave) incident normally on a 1D PnC. we consider the PnC structure consists 
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of (Al/epoxy)5 unit cells with thickness  aA = aB = 0.5 × 10−6. Also, a Fibonacci sequence of 

quasi-periodic PnC structure of n=13 layers of the type (BABBABABBABBA).  

 

 

Figure.3. A plot of Transmittance and  ωa/2πCt  
(Ct  is the sound transverse velocity in 

material B) for normal incident S- waves on:   (a) 1D PnC consists (Al/epoxy)5,  (b) A 1D 

Fibonacci sequence (BABBABABBABBA) quasi-periodic PnC consists of  n=13 layers. 

From Fig. 3(a) and (b) we note the great effect of changing the periodicity on the waves 

transmission in PnCs. We used cooper and epoxy as consistent materials due to the large acoustic 

impedance mismatch between them. There are two different types of PnC structures, one is 

periodic 1D-PnCs and the other is the quasi-periodic structure (Fibonacci type).  The formation 

of phononic band gaps was changed significantly in Fig. 3(b) than the periodic ones in Fig. 3(a). 

The band gaps are wider with little transmitted peaks in the case of periodic structure, while 

quasi- periodic structure increases the number of transmitted peaks with the band gaps. These 

results are due to the large change in the speed of elastic waves at many interfaces in the case of 

quasi-periodic structures than the periodic ones. Therefore, quasi-periodic structures could 

develop many transmitted windows through the phonic band gaps, which increase the 

opportunity of such structure in applications such as sonic filters.     

 

3.2. Comparison between one, pair and four defect layers on phononic band gaps.  

         In this subsection, we will discuss and compare the effects of inserting a defect layer inside 

the previous structure on the phononic band gaps at three stages one, pair and four defect layers.  
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Figure.4. The transmittance of transverse waves through 1D- defected PnC structure, (a) nylon 

defect layer with   ad = aA .  (b) Two nylon defect layers with thickness   ad = aA . (c) Two gold 

defect layers sandwiched by two nylon defect layers, each layer with thickness   ad = aA. The 

defect layers in each case are inserted after material 𝑗 = 5.  
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It is observed from Figs. 4(a), (b) and (c) that, the defect layer has a great effect on the phononic 

band gaps in all cases. In Fig.4 (a), there is one defect layer from nylon material inside the 

previous periodic structure. The large difference between nylon and constituent materials in 

elastic constants results in widening the phononic band gap and decreasing transmitted bands. 

Similarly, in Fig. 4(b) we considered two nylon defect layers inside the periodic ones. 

Consequently, the intensity of the transmitted peaks through the band gaps is decreased due to 

the previous reason. Moreover, in Fig.4(c), we considered the defect system consists of two hard 

materials (gold) sandwiched by two soft materials (nylon). Hence, the band gap increased greater 

than the last two cases due to the increment of mismatch between gold and nylon.   

  

4. CONCLUSIONS 

 

Based on the TMM, we have studied the effect of periodicity on the phononic band gaps at two 

studies:  

1- Firstly, the difference between phononic band gaps in a periodic and Fibonacci quasi-periodic 

PnC structure. The quasi-periodic interrupt the periodicity of the periodic structure and induce 

transmitted peaks in the phononic band gaps.  

2- Secondly, we performed a comparison between one, pair and four defect layers on the 

phononic band gaps. The four defect layers composed of two hard materials sandwiched by two 

soft materials result in the creation of very wide band gap.  
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The purpose of this study is to investigate the magnetic properties of oxide dispersion 

strengthened (ODS) ferritic steel. In this study, two samples of ODS ferritic steel powder were 

prepared by mechanical alloying method. The crystal structure and morphology of the samples 

were identified by X-ray Diffraction (XRD) analysis and examined by Field Emission Scanning 

Electron Microscopy (FESEM) respectively. The magnetic measurement including saturation 

magnetization (Ms), retentivity (Mr) and coercivity (Hc) of the samples were carried out at room 

temperature by using a Vibrating Sample Magnetometer (VSM). The magnetization curve of the 

samples (12Y and 14Y) approached the soft ferromagnetic behavior which is similar to its iron-

based material due to the high content of iron (Fe) within the matrix. 12Y sample exhibit higher 

saturation magnetization, Ms value which is 295 emu/g due to the lower content of chromium 

(Cr) compared to 14Y sample which saturate at 162 emu/g.   

 

Keywords: ODS ferritic steel; Soft ferromagnetic materials; Mechanical alloying; XRD; 

Magnetic properties. 

 

 

1. INTRODUCTION 

 

 The attention of many researchers around the globe towards nanostructured materials is 

attributed to their mechanical, chemical, nuclear and physical properties as well as their potential 

application in many fields [1]. Oxide dispersion strengthened (ODS) ferritic steels is a one kind 

of this material and they are amongst the most promising candidates for large scale structural 

materials to be applied in next generation fission and fusion nuclear power reactors [2]. ODS 
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ferritic steels is an iron-based material and they are largely composed of magnetic elements 

which is iron. Like annealed iron which has been categorized as soft ferromagnetic materials 

[3], ODS ferritic steel can be manipulated under the influence of an external magnetic field to 

study the magnetic behavior of this material. According to Bramfitt (1998) [4], the iron-based 

material, ferritic stainless steels approached the properties of soft ferromagnetic materials which 

can be applied as electric solenoid cores with good corrosion resistance [5].  

However, different chemical composition from the iron-based material along with the 

addition of oxide like Y2O3 or well known as dispersoids into the steel matrix could change the 

magnetic properties of this material. Basically, the addition of the dispersoids into the ferritic 

steel matrix is a strengthening technique to increase the thermal and nuclear stability [6,7]. For 

magnetic application, the properties of this material under the influence of external magnetic 

field are hard to find in the published literature. Therefore, the purpose of this present study is to 

investigate the magnetic properties of ODS ferritic steel at room temperature as this study is not 

much reported.   

 

 

2. MATERIALS AND METHOD 

 

High purity elemental powders (99% to 99.5%) of iron (Fe), chromium (Cr) and yttria 

(Y2O3) were weighed separately in a pure argon atmosphere and mixed according to the 

compositions in Table 1. The mixed powders were then sealed in a planetary ball mill 

Pulverisette 7 milling jar and the mechanical milling process was carried out at 350 rpm for 15 

hours. The ball-to-powder weight ratio (BPR) is 5:1. After mechanical milling process, the 

milled powders were degassed at temperature of 400°C for 2 hours in a tube furnace filled with 

pure argon gas and the samples were allowed to cool inside. The crystal structure of the samples 

was identified by X-ray Diffraction (XRD) measurement (Bruker D8 Advance) with Cu Kɑ 

radiation and analyzed by using DIFFRAC.EVA V4.0 software. The morphology of the samples 

was examined by using a field emission scanning electron microscopy (FESEM) (Carl Zeiss 

Merlin). Prior to magnetic measurement, the samples were weighed for about 0.007 g and 

pressed inside a gelatine capsule following the sample preparation details given elsewhere [8]. 

The magnetic measurement including saturation magnetization (Ms), retentivity (Mr) and 

coercivity (Hc) of the samples was carried out by using a vibrating sample magnetometer (VSM) 

(Lakeshore 7404) in vacuum at room temperature for 500 sec experiment time.   

 

Table 1.Compositions of ODS ferritic steel samples (wt%) 

Sample Designation Fe Cr Y2O3 

Fe-12Cr-0.3Y2O3 12Y Balance 12 0.3 

Fe-14Cr-0.3Y2O3 14Y Balance 14 0.3 

 

 

3. RESULTS AND DISCUSSION  
3.1. Crystal structure and morphology of 12Y and 14Y ODS ferritic steel powders 

 

The crystal structure of 15 h milled samples was identified by X-ray Diffraction (XRD) 

analysis. Fig. 1 shows the XRD patterns of 15 h milled 12Y and 14Y ODS ferritic steel powder 

samples. In comparison with JCPDS data card (PDF 03-065-4664), the main diffraction peaks 

(1,1,0 and 2,0,0) of both samples (12Y and 14Y) can be well indexed to iron (Fe) and chromium 

(Cr) which confirmed the complete solution of Cr into Fe lattice after 15 h milling time. The 

peak of Y2O3 is very low for both samples since the composition of this element is only 0.3 wt%. 
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However, the XRD measurement still can detect the Y2O3 phase with the comparison of JCPDS 

data card of PDF 01-086-1326. The average crystallite size of 12Y and 14Y were calculated by 

using scherrer’s equation (1) and were found to be ~13.9 nm and ~14.3 nm respectively as shown 

in Table 2. The broaden peak detected in the XRD patterns of both samples are consistent with 

the small crystallite size of the samples measured from XRD analysis by using scherrer’s 

equation.  

 

 

 
 

 

 

where τ is grain size, B is the full width at half maxima and λ is the wavelength of X-ray used 

which is 1.5406 Ǻ and θ is the diffraction angle.   

 

 

 
 

Figure. 1. The crystal structure of 15 h milled 12Y and 14Y ODS ferritic steel powders 

 

 

Table 2Lattice parameters of 15 h milled 12Y and 14Y ODS ferritic steel powders 

Sample Crystallite size (nm) Unit cell parameters, a = b = c (Ǻ) Density (g/cm3) 

12Y 13.9 2.8664 7.767 

14Y 14.3 2.8664 7.767 

 

 

The morphology as well as the powder particles distributions of 15 h milled samples was 

examined by using field emission scanning electron microscopy (FESEM). Fig. 2 (a) and (b) 

shows the powder particles distributions of 15 h milled 12Y and 14Y ODS ferritic steel powders 

respectively which consist of flaky, angular and nearly spherical shapes powder particles with 

the average size of few hundreds nano. It is worth to remark that the particle size measured from 

XRD is slight different from the FESEM measurement because XRD measurement is done 

starting from the crystalline area that are reasonably diffracts by the X-ray waves coherently 
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whereas FESEM measurement is done by taking into account the difference of noticeable grain 

boundaries [9].  

 

                
 

Figure. 2. Powder particles distributions of 15 h milled ODS ferritic steel powders (a) 12Y and 

(b) 14Y 

 

 

3.2 Magnetic measurement of 12Y and 14Y ODS ferritic steel powders 

 

The magnetic measurement including saturation magnetization (Ms), retentivity (Mr) and 

coercivity (Hc) of 12Y and 14Y ODS ferritic steel powders was carried out by using a vibrating 

sample magnetometer (Lakeshore 7404) in vacuum at room temperature for 500 sec experiment 

time. Fig. 3 (a) and (b) shows the magnetization curve of 12Y and 14Y ODS ferritic steel 

powders recorded at room temperature respectively along with their clear hysteresis loop. The 

plot shows that both samples exhibit ferromagnetic behavior which is mainly generated by iron 

(Fe) as the main based as well as the matrix of this kind of material. The saturation magnetization 

(Ms), retentivity (Mr) and coercivity (Hc) value recorded for 12Y sample is 295 emu/g, 18.64 

emu/g and 74.67 Oe respectively. While 14Y sample saturated at 162 emu/g with the retentivity 

and coercivity value of 10.99 emu/g and 82.61 Oe respectively. Since the magnetic coercivity 

value of both samples is small and the hysteresis loop is very narrow, ODS ferritic steel powders 

in this present study approaches the behavior of soft ferromagnetic materials which is similar to 

their iron-based material.    

 

(a) 
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      (b) 

 

 
 

Figure. 3 Magnetization curve of ODS ferritic steel powder along with their clear hysteresis 

loop (a) 12Y and (b) 14Y 

 

 

Direct comparison with the saturation magnetization (Ms) value of other soft 

ferromagnetic iron-based materials is not possible since the samples of the same chemical 

composition were not available. Nevertheless, it is worth to note that the saturation 

magnetization value is closely related to the iron (Fe) content in the material. It is well known 

that an increase of iron content in the material will increase the saturation magnetization value, 

which will result in an increase of attractive force to the magnet. Thus, the saturation 

magnetization value of 12Y and 14Y ODS ferritic steel powders determined in this present study 

is consistent with the value reported by Flores et al. [10] which is 135 emu/g. The iron content 

in 12Y and 14Y samples in this study is in the range of 85% to 88% which is much higher than 

iron content in the PM2000 sample reported by Flores et al. [10] which is about 69%.  

 

In comparison between both samples in this study, 12Y sample exhibit much higher 

saturation magnetization value compared to 14Y sample due to the lower chromium content 

which is 12 wt%. From the saturation magnetization value recorded for both samples and 

determined by using the law of approach to saturation, it is worth to remark that higher chromium 

content in ODS ferritic steel will decrease the saturation magnetization value as exhibited by 

14Y sample. It also can be observed that the magnetic coercivity (Hc) value increase and the 

retentivity (Mr) decrease as the volume fraction of chromium (Cr) increase. Table 2 shows the 

summary of magnetic measurement results of 12Y and 14Y ODS ferritic steel powders 

determined in this present study. Overall, the results of magnetic measurement and 

magnetization curve of both samples recorded in this present study reveal that ODS ferritic steel 

approaches the behavior and properties of soft ferromagnetic materials which is similar to its 

iron-based material. The addition of small amount (0.3 wt%) of oxide like Y2O3 into the matrix 

also does not affect the soft ferromagnetic behavior exhibited by this material. Since the 

ferromagnetism behavior is strongly depends on the synthesis and processing techniques as well 

as the environmental conditions during the sample preparations [11], mechanical alloying 

method seems to be the best technique to successfully produced ODS ferritic steels that approach 

soft ferromagnetic behavior at room temperature.  
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Table 3.Summary of magnetic measurement results of 12Y and 14Y ODS ferritic steel 

powders 

Sample Saturation magnetization, Ms 

(emu/g) 

Retentivity, Mr 

(emu/g) 

Coercivity, Hc 

(Oe) 

12Y 295 18.64 74.67 

14Y 162 10.99 82.61 

 

 

4. CONCLUSION 

 

In this study, the magnetic properties of ODS ferritic steel was investigated. The XRD 

analysis on the samples confirmed the complete solution of Cr into Fe lattice after 15 h milling 

time. The FESEM micrograph demonstrates the powder particles distributions of the samples 

which is flaky, angular and nearly spherical in shapes. The VSM has performed and record the 

magnetic measurement of the samples at room temperature along with the saturation 

magnetization (Ms), retentivity (Mr) and coercivity (Hc) values. The magnetization curve of 

ODS ferritic steel powder samples approach the soft ferromagnetic properties and behavior due 

to the high content of iron (Fe) which is similar to its iron-based material.   
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Quantum Dot Cellular Automata (QCA) is a newly developed paradigm for digital design, which 

holds the potential to be the possible alternative to the present CMOS (Complementary Metal 

Oxide Semi-Conductor) technology. After surviving for nearly five decades, the scaling of 

CMOS is finally reaching its limits. The asperities are not only seen from the physical and 

technological viewpoint but also from the material and economical perspectives. With no more 

scaling possible, there arises a need to look for promising alternatives to continue with the nano 

size/scale computations and to hold on to the Moore’s law. QCA offers a breakthrough required 

for the fulfilment of certain lacking aspects of CMOS technology in the nano regime. QCA is a 

technology that involves no current transfer but works on electronic interaction between the cells. 

The QCA cell basically consists of quantum dots or metal islands separated by certain distance 

and the entire transmission of information occurs via the interaction between the electrons 

localized in these potential wells. Since the technology is new and in a premature phase, a huge 

scope lies ahead of the researchers to investigate and make QCA designing a reality. In this paper 

the QCA technology is reviewed with sufficient focus on basic concepts, implementations and 

information flow. The various building blocks in QCA are discussed and their working on the 

basis of physical laws is explained.  This paper forms the basis for further complex digital 

designing in QCA. 

   

Keywords: QCA; Cellular Automata; CMOS; Nanotechnology; Low Power. 

 

 

1. INTRODUCTION 

 CMOS is a technology which has revolutionized the world of electronics. Invented over 

forty years ago, the device today has shrunk to many orders of magnitude. It is this 

miniaturization that has resulted in a continued progress in terms of cost, performance and 

energy efficiency. A number of reasons contribute in making CMOS the best at hand for 

microelectronics, some of which include the better possible scalability, current dependence on 

channel width instead of emitter area, low power consumption etc. [1,2,3].  
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mailto:sabatt@outlook.com


34 

Exp. Theo. NANOTECHOLOGY 3 (2019) 33-44  

 The downsizing per component in VLSI has been possible due to extensive scaling of 

the basic MOS device. The concept of scaling proposed by Dennard [25] has been the driving 

force behind the miniaturization success achieved in the MOSFET.  The Moore’s prediction of 

components on an IC doubling every 18 months has survived for more than the anticipated time 

but now an era has started where in the applicability of mosfet is facing practical limits around 

the gate length of less than 30nm. As the device enters the nano regime (<100nm) the scaling 

reaches its upper limit and the conventional classical laws are no longer applicable. The various 

quantum mechanical effects begin to dominate as the size of the basic component approaches 

that of a single atom. The effort towards the continuation of the device miniaturization involves 

two aspects. The first one is the development of the CMOS based devices that extend to 3D or 

vertical dimension and improving material technology etc. [5]. The second is the development 

of the alternative to replace CMOS. The transition towards a new paradigm of computing may 

not take years but decades of continued effort and it is the high time for the researchers to grow 

this foundation for moving towards the next generation computer architectures. 

 One of the promising alternatives to CMOS technology is the Quantum Dot Cellular 

Automata proposed by Lent [6].  It introduces the concept of implementation of cellular 

automata using nano size structures like quantum dots. The basis of QCA lies in the physics of 

interaction between the electrons placed in the potential wells. Quantum dots form one choice 

of nano structures to be used in QCA. Quantum Dots are tiny crystals made of semiconductor 

material and are approximately ten thousand times narrower than human hair. Due to the 

advantage of ultra-low size, QCA technology holds a strong position as an alternative to CMOS 

technology [8]. The basic QCA cell consists of a finite number of these quantum dots or metal 

islands in which the electrons can localize. Precisely a QCA cell contains 2N dots where N is 

the number of electrons which can tunnel between the quantum dots. However there can be no 

tunneling between the cells due to the high potential barrier. In other words we can say that the 

potential wells within a cell are connected by tunnel junctions which can be opened for transport 

of electrons [9] .The structure of the basic QCA cell is shown in figure 1. 

 

      
 

Figure. 1: Basic QCA Cell and possible alignements of electrons 

 The working mechanism of QCA is based on the principle of quantum mechanical 

tunneling between the electrons localized in the wells and the coulombic interaction between the 

electrons. The alignment of the electrons in the QCA cell is governed by the coulomb’s law 

according to which the electrons tend to occupy the positions with maximum separation due to 

coulombic repulsion between them [10]. This can be conceptually understood by considering 

the possible alignments of electrons in the cell. Since the QCA cell is a square structure the two 

possible polarizations are as shown in figure 1. The polarization of -1.00 represents a binary 0 

and the polarization of +1.00 represents a binary 1. These are the only two possible 

configurations of the electrons because all other positions of electrons lead to maximum 

repulsion as shown in the figure 2. 
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Figure. 2: Maximum and minimum repulsion positions of electrons in QCA cell 

 This possibility of two states (polarizations) provides an opportunity for information to 

be encoded and transferred using QCA cells [14]. The two QCA cells which are placed next to 

each other can exchange states by adjusting the position of electrons such that to overcome the 

coulombic repulsion between them.  The cell which has to transfer its state to the adjacent cell 

must have closed tunnel junctions whereas the cell which has to change its state must have open 

junctions to allow electrons to adjust positions. The state of a particular cell is transferred to all 

the cells connected to it provided the tunnel junctions of the latter are opened. The QCA follows 

the phenomena of memory in motion and processing in wire which means that the 

interconnections and the circuits are made up of the same cells unlike other technologies like the 

CMOS technology where interconnections have their own set of principles and designs. QCA 

exploits the interaction of polarizations for effective Boolean logic implementations. One 

important aspect in QCA cell polarization is that even a slight polarization in a neighboring cell 

induces complete polarization in the target cell which means that at every stage or cell the signal 

level is restored. This gives an additional advantage of repeater less circuits in QCA. The QCA 

cells in various arrangements can be used for designing digital circuits which are the basic 

building blocks in the computer architecture and arithmetic circuits. 

 

  

2. BASIC BUILDING BLOCKS IN QCA 

 

The first step towards the approach of designing a complete system using QCA is to come 

up with the basic building block designs. These basic designs help in easy understanding of the 

mechanism of working and interaction between the cells.  These blocks in QCA are binary wire, 

inverter and majority gate [11]. These basic designs are discussed below: 

 

2.1 Binary Wire 

 
Figure. 3: Binary Wire 

 

The binary wire as shown above transfers the state of the input cell to the output which 

forms the core concept in digital designing i.e. transferring input to output. The concept of the 
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wire is the coulomb’s law because of which the electrons of the adjacent cells are arranged 

according to the input cell in order to avoid repulsion due to electrostatic forces. For example if 

the input cell has a polarization of -1.00, i.e. it is logic 0 then the adjacent cells follow the same 

alignment to achieve the state of maximum stability.  The implementation of Binary wire is done 

on QCA designer 2.0.3 software tool [13] and correct results have been obtained which are 

shown in the simulation waveform in figure 4. 

 

 
 

 
       Figure. 4: Binary wire implementation and simulation result in QCA Designer 2.0.3 

  

2.2 Inverter 

 
Figure. 5: QCA Inverter 

 

The inverter as shown above works because of the inversion of the electron alignment 

due to coulombic repulsion at the corner cell. This is because the same polarization as the input 

will lead to maximum repulsion and instability and thus the electrons anti align themselves with 

respect to the input cell. This is one of the basic designs of the inverter in which the corner cell 

is oriented at 45 degree with respect to the other cells.  A number of other designs have been 

suggested by researchers from time to time but this design finds applicability in most of the 

circuits. The inverter was simulated in QCA designer 2.0.3 to obtain the resultsas shown in figure 

6. 
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Figure. 6: Inverter Implementation and simulation results in QCA Designer 2.0.3 

 

2.3 Majority Voter 

 

 
Figure. 7: QCA Majority Voter 

 

The other important gate in QCA is the majority voter (c).This gate sets the value of the 

output cell on the basis of the polarization of majority of the inputs because that provides a 

ground state for the device cell (central cell). The majority gate implements the equation 

AB+BC+AC where A, B, C are the inputs. 

 
 

 
 

Figure. 8: Majority Voter Implementation and simulation results in QCA Designer 2.0.3 
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The majority gate can be used for the implementation of AND and OR gate by applying 

fixed polarization to one of the inputs. When the input polarization is fixed to 1.00 (logic 1) the 

majority voter acts as an OR gate and when the polarization is fixed to -1.00 (logic 0) the gate 

acts as an AND gate [12]. The AND gate shown has the input 1 and 0 for the shown case below 

(evident from the cell polarization). For the OR gate we have considered both inputs to be 0. The 

gate can similarly be verified for other combinations. The basic NAND and NOR can be 

implemented by using an inverter at the output of the AND and OR gate respectively. All these 

designs are shown in figure 9. 

 

                                

 (a)                   (b) 

 

            

 

    (c)               (d) 

 

Figure. 9:  (a) OR Gate (b) NOR Gate (c) AND Gate (d) NAND Gate implementation using 

majority gate 

 

 

3. CLOCKING IN QCA 
 

The structures (building blocks) which we have discussed till now are all asynchronous 

structures and input is the only source of energy. As a result of this there is no control over 

switching [10]. When the input is applied to the array of QCA cells the basic mechanism involves 

the change of the state of cells from ground state to exited state [15]. This array is expected to 

settle into a new ground state. However, in the absence of the clock the cells may have a 

transition to a new metastable state which may result in an unpredictable operation. This can be 

overcome by the clocking of QCA cells. The clocking is basically for the control of barriers 

between the dots which in turn controls the transfer of electrons. The QCA clocking scheme 
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consists of four phases – switch phase, hold phase, release phase and the relax phase. The phases 

are shown in figure 10. 

 

 
Figure. 10: Different Clock Phases and clock zones in QCA 

 

In QCA four clocking zones are used. The cells are arranged in zones so that the field 

remains the same in all the cells in the zone. The concept lies in the radius of effect of each 

electron i.e. electron can have the effect of its charge up to a certain radius. It is the method of 

clocking that makes QCA different from CMOS devices. 

 

 
 

Figure. 11: Illustration of clocking in QCA Cells 

 

The clocking in QCA is provided by the underlying CMOS or carbon nanotube wires 

which provide the necessary electric field to raise or lower the tunnel barrier for the movement 

of the electrons between them. Also, we know that the cells in the same clock zone have the 

same potential of the tunnel junctions i.e. either they all have raised barriers or lowered barriers, 

so based on the adjacent cell state the cells take up the polarization. This leads to proper flow of 

information in QCA via pipelining. The various phases of the clock need to follow each other in 

a proper sequence in order to proliferate the output to correct values. The various phases of the 

clock are discussed next.        

Initially the cells have low potential barriers and are in the unpolarized state. During the 

switch phase of the clock cycle the cell is influenced by the neighboring cell polarization which 

causes it to take up a new state. After achieving the new polarization due to the neighboring cell 

the barriers between the dots are raised such that no further change of state can occur. During 



40 

Exp. Theo. NANOTECHOLOGY 3 (2019) 33-44  

the hold phase the cell holds the state and barriers are maintained high. In this phase the cells act 

as input to the neighboring cells. In the release and relax phase the barriers between the dots are 

lowered which results in the loss of polarisation due to tunneling of electrons and cell again has 

a null polarization now. The different clock zones in QCA are represented by different colors 

e.g. clock zone 0 is represented by green, clock zone 1 by magenta, clock zone 2 by blue and 

clock zone 3 by white. All the complex designs use the clocking phenomena for proper flow of 

information via pipelining. [22-24] The clocked basic wire in QCA is shown in figure 12. 

 

 
Figure. 12: Clocked QCA wire 

 

Just like we have designed a wire using all four clock phases, other digital circuits can be 

designed as well. It has been suggested that at least four cells should be placed in one clock phase 

for proper information flow. More complex the design of a digital circuit more attention is 

needed in proper clocking of the circuit. The various optimization parameters in QCA circuits 

are the cell count, cell area, total area, latency and complexity of the designs.  

 

4. QCA CROSSOVERS 

 

Many a times the circuit designs involve crossing over of the QCA wires for less complex 

design to be implemented. In QCA two main types of crossovers have been identified. One is 

the coplanar crossover in which simple and rotated cells are used to cross as there is no 

interaction between the two. The other is the multilayer crossover which involves more than one 

layer of cells, similar to routing of metal wires in CMOS technology. The design and 

implementation of multilayer crossover is however more complicated than the coplanar one and 

also involves higher cost consideration. The various types of combinational and sequential 

circuits that are designed using Quantum Dot Cellular Automata use the crossovers for 

optimization of circuits by reducing the cell count and area. The reduction in cells further leads 

to the reduction in the overall power dissipation. [16-20]. The two types of crossovers in QCA 

are as shown in the figure 13. 

 

 

 
 

Figure. 13: (A) Coplanar Crossover                             (B) Multilayer Crossover  
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5. ADVANTAGES OF QCA 

 

The possibility of continuity with CMOS still exists but it is the cost to benefit ratio that 

motivates the researchers to shift their attention towards the development of alternatives to 

CMOS technology. The QCA technology discussed in this paper is one such alternative. The 

main advantages of QCA over the other possible alternatives are the high density circuits that it 

allows. Due to small size of quantum dots or metal islands which are used as potential wells, 

very compact arrangements are possible which further reduce the overall size and delay of the 

circuits. Another very important advantage of the QCA circuits is the low power consumption. 

This occurs since in QCA there is no current flow between the cells. Only the alignment of 

electrons is manipulated. It therefore seems appropriate for design of circuits for general-purpose 

computation as well as for embedded applications. The unique feature of QCA clocking provides 

the provision of signal gain and pipelining for the realization of efficient logic structures.  

 

6. FUTURE SCOPE 

 

Presently QCA technology is in a very premature phase but is one of the strongest 

contenders to replace CMOS in the next few decades. According to International Technology 

and Roadmap for Semiconductors ITRS, the CMOS technology has now started to face asperities 

in maintaining the miniaturization criterion and holding on to the Moore’s law which has resulted 

in the development of interest of the researchers in suitable replacement of the CMOS. However, 

the requirement is not only to find the alternative, but to choose the best possible substitute which 

takes the size, power and speed into consideration. Having discussed the advantages of QCA in 

the last section we see that QCA offers a firm furtherance. Currently only a few implementations 

in QCA have been experimentally verified and it has been pointed out that the main issue with 

the designing is that the cells require ultra-low temperature for proper working. This has 

suggested for the molecular QCA (MQCA) designing in which the redox centers in the molecules 

can be the places where the electrons can localize. MQCA eliminates the need of ultra-low non 

feasible temperature for designing using QCA.  

Various implementations of digital circuits have been shown in QCA using various 

designer tools and results have been verified. These include the designs of various combinational 

and sequential circuits [30-32]. In digital circuits clocking is required only in sequential circuits 

whereas in QCA circuits both combinational and sequential circuits require appropriate clocking 

mechanisms to allow proper information flow. This is because the state and polarization of each 

cell is important as it governs the state of the next cell. A new field of designing in QCA is the 

upcoming logic in digital design which is called as the reversible logic. Reversible logic suggests 

that the power is dissipated in the circuits due to the erasing of the bits during computation. This 

principle was given by Landauer. It suggests that for every bit that is erased Ktln2 joules of 

energy is dissipated. If these computations are somehow performed in a reversible manner that 

is without the erasing of the bits the power dissipation can be reduced to a great extent [26-29]. 

However the design of the reversible circuits has been the greatest challenge faced by the 

researchers. QCA is suggested as the break through by which these circuits can be implemented. 

Reversible logic along with QCA technology if accomplished will result in ultra-small devices 

and ultra-low power dissipation. 

 

7. CONCLUSIONS 

 

In this paper the basics of Quantum Dot Cellular Automata are reviewed starting from 

the basic QCA cell. Further various building blocks which form the basis of all the complex 
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digital designs in QCA and the mechanism for clocking is discussed. The basic block schematics 

are simulated using QCA designer 2.0.3 software to verify the results. It is envisaged that various 

complex digital circuits can be designed in QCA and further optimization can be achieved such 

as reduction in the cell count and area. The future scope of QCA in designing combinational, 

sequential and reversible logic circuits has been discussed. It is concluded that QCA has called 

for much attention in the recent years and needs proper research to give technology a new 

dimension, different from the conventional transistor-based designing. 
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In this paper, two scenarios have been considered for millimetre wave base station 

configuration. In the first scenario, the approach of Distributed Base Station (DBS) with remote 

radio units (RRU) is chosen as the envisioned architecture for future 5G network. This 

approach is compatible with cloud radio access network (C-RAN), as it has easier scalability 

and compatibility with future network expansions and upgrades. RRU has been used in this 

work as a way to sidestep the limited coverage and poor channel condition, which characterise 

millimetre wave band. This will minimise the number of required sites installation for the same 

quality of service (QoS). The results of this approach have shown significant improvements in 

terms of User Equipment (UE) throughput, average cell throughput, and spectral efficiency. In 

the second scenario, optimising antenna element spacing is considered in the base station array. 

The results show significant improvement in the network performance and provide better 

performance for cell-edge users in terms of data throughput.   

Keywords: 5G network; millimetre wave; distributed base station; RRH; antenna spacing. 

 

 

 

1. INTRODUCTION 

 

 Due to the proliferation of smartphones, there is a high growth in mobile data traffic. 

Network providers face the need to install dense high capacity small-cells. These small-cells 

would cover small areas (less than 200m) with flexible provision to fulfil the unpredictable 

traffic demand. Network operators face many challenges such as very high speed data 

http://etn.siats.co.uk/
mailto:O.Y.K.Alani@salford.ac.uk
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throughput, improving power and spectral efficiency, reducing cell deployment and 

operational cost. 

In order to address these challenges, the vision of heterogeneous networks (HetNets), with 

distributed base station (DBS) approach where remote radio units/heads (RRU/RRH) are 

adopted to provide the necessary coverage and capacity improvement [1]. In this paper, the 

term RRH will be used for future representation. 

DBS with RRH capability can have significant cost reduction, while improving the network 

performance, and power/spectral efficiency. This approach supports the scalability and 

flexibility when deploying new node (BBUs plus RRHs) to develop the next generation 

wireless networks [2]. 

Solutions to cope with this massive growth comprise HetNets that include macro-cells and 

small-cells, extending the operational frequency to higher carrier frequency in millimetre 

wave band, and distributed antenna systems (DAS) in the form of RRHs. The key advantages 

[2] of using RRHs are: 

• Smaller footprint and easier installation, lower site rental costs, as well as optimized coverage. 

• Software flexibility, remote upgrades and easier upgrades. 

• Higher performance in terms of power/spectral efficiency. 

In addition to these functionalities, RRH has been optimised to support 2x2, 4×4, and 8×8 

MIMO, and has compatibility with active and smart antennas. The RRH can be mounted on 

tower, rooftop, and wall mount solutions. 

The RRH system comprises of transceivers, duplexers, analogue to digital converters (ADC), 

power amplification (PA) and filtering processes. RRHs are connected to a base band unit 

BBU pool by fibre optic link at a high-speed data rate. The new base station approach is paving 

the way for ultra- dense deployment for 5G network by making the network architecture 

scalable, flexible, efficient, and compatible with cloud radio access network (C-RAN) 

architecture. 

The adoption of RRHs in mobile network has been used previously as a way to increase the 

network coverage in busy urban areas, as shown in [3], where the authors have made empirical 

measurements of the links between BBU and RRH. In [4] the authors have developed an 

algorithm to optimise the number of deployed RRHs based on game theory. The use of 

beamforming and cooperation multipoint (CoMP) among deployed RRHs has been studied in 
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[5] and [6].  

Whereas in [7] a dynamic reconfiguration algorithm has been proposed for clustering dense 

RRH deployments in C-RAN. The minimization of the total power consumed by RRHs and 

BBUs is considered in [7] through joint consideration of the transport network power and 

RRHs transmission power. 

[8] In this paper, RRHs has been used to overcome the limited coverage of millimetre wave, 

and to establish MIMO link from distributed RRHs. In addition, optimising the antenna 

spacing in linear array is considered to improve the network performance in millimetre wave. 

Fig.1 shows the DBS network architecture. In this context, high speed cloud computing 

capability will undertake all the complex computational processing from all the connected 

BBUs to the cloud through the backhaul interface. 

I. The rest of the paper is structured as follow: the DBS network model is illustrated in 

section II, followed by the results showing the improvement. In section III, the impact of 

optimisingantenna spacing in millimetre wave is discussed, followed by the results that show 

the potential improvement of the new optimised array. Finally, the conclusions are drawn in 

section IV.  

II. Network model 

The network model is illustrated in fig.2, it consists of millimetre wave nodes that connect 

a number of User Equipment (UE) symbolised by the red dots, that either communicates 

directly to the central node (BBU) or indirectly through RRHs that are connected to the central 

node through a high speed fibre link. The distribution of UEs is considered to be a constant 

distribution of 10 UEs per single BBU (21 BBUs in total has been considered in this work). 

The distance among BBU’s is 200m, while the RRHs have been located 50m away from their 

BBU’s at a low altitude of 10m. The work has been conducted with system level simulation 

and Matlab. 

Orthogonal Frequency Division Multiple Access (OFDMA) has been used as the multiple 

access in this model due to its powerful performance in dealing with multipath signals and 

compatibility with multi-input multi output (MIMO) antennas. In OFDMA, the bandwidth is 

divided into small divisions called physical resource blocks (PRB) where each PRB is 180 

kHz and has 12 adjacent OFDM subcarriers. The single PRB is allocated to a single device for 

at least single transmission time interval (TTI) that is equal to 1ms. This model supports  
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bandwidth allocations of 1.4, 3, 5, 10, 15, and 20MHz, and can support higher bandwidths 

when higher connectivity is required. These bandwidths are equivalent to 6, 15, 25, 50, 75, 

and 100 PRB, respectively [8]. The bandwidth or resources will be shared among central node 

and its belonging RRUs. The following sub-sections will clarify the key enabling technologies 

used in this work. 

 

 

A. Millimeter wave band 

 

When higher network capacity and connectivity is required, additional spectrum is required 

as a result, and mobile network has improved the Quality of Service (QoS) by utilizing 

additional spectrum (higher frequency and wider bandwidth). Therefore, it is expected that 5G 

will also utilize higher spectrum, such as utilizing mm-wave band due to the very wide 

available bandwidth [9]. 

 

 

 

Figure.1 Distributed Base Station Architecture. 
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Figure.2. Network model showing central node with 3 sectors directional antenna,  

RRHs with directional antennas, and UEs (red dots). The dashed blue arch is the line where 

RRHs are deployed, whereas the dashed red lines represent the fibre links connecting RRHs 

to their BBUs. 

 

According to the Federal Communications Commission (FCC), many bands within mm-

wave band seem promising and can be a candidate for future 5G mobile system, including, 

local multipoint distribution service (LMDS) band from 28 to 

30 GHz, 7GHz in the license-free band at 60GHz; which recently become 14GHz from 57 to 

71GHz, as well as 12.9 GHz located at 71–76 GHz, 81–86 GHz, and 92–95 GHz from the E-

band as shown in fig.3 [10][11]. Due to their small wavelengths, millimetre wave suffer high 

path loss and atmospheric attenuation and thus has limited coverage. However, this excess 

loss can be compensated by the means of deploying RRHs beyond node coverage and by 

beamforming.
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B. Remote Radio Head 

In the radio access network (RAN) [12], the mobile network architecture is considered with a 

single type of base station that is responsible for user coverage and traffic exchange. The 

default implementation is a three-sector solution, in which the base station is transmitting in 

these three sectors. An alternative approach is the Distributed Bas Station. This architecture 

splits the Base Station into two locations; a BBU at the central tower and RRHs mounted on 

the top of remotely located towers far away from the central BBU. In this fashion the RRHs 

would be connected to their BBU by a fibre optic link, which carries the signalling and powers 

the RRHs. 

 

The latter case has found interest in C-RAN architecture, where multiple RRHs are fibre 

linked to the BBU that handles all the baseband processing. Signalling is exchanged over 

dedicated communication links (fronthaul) that link RRHs to their BBU. So far, the only 

fronthaul supporting data rates (around 10 Gbps) is the fibre links [13]. 

 

RRHs help increase the signal strength in the region of its deployment. Fig.4 shows the SINR 

mapping, where a three sectored site is deployed, and in each sector there are three RRHs to 

improve signal transmission at these areas. As per this figure, high SINR figures are reported 

in the areas of RRHs deployments. 

 

In this work, RRH is used as a relay station to forward traffic far away from the central BBU, 

where these RRHs share the resources with the central unit. RRH’s have been distributed apart  

from the central unit, on an arch with a radius of 50m, and arch width of 80 degrees. Their 

antennas are single antenna element with directional pattern, connected with a fibre link to the 

central node that has three sectors with directional antennas, the pattern is expressed by: 

 

 

 

 

 

 

 



51 

Exp. Theo. NANOTECHOLOGY 3 (2019) 45-60 

 

 

 

 

 

 

 

 

Figure.3 Millimetre-wave band as a candidate spectrum to 5G 

 

Figure.4 SINR mapping, BBUs each with three RRHs having directional antennas, left is 

path loss map and right is path loss plus shadowing map. 

                                            (1) 

 

where θ3dB is the 3dB beamwidth which corresponds to 65 

degrees, and Am = 20 dB is the maximum attenuation. 

 

And all UE’s are equipped with omnidirectional antenna with 0dB gain. The distributed RRH 

can also support MIMO according to the device condition. When a device receives 

uncorrelated streams from more than one RRH that belongs to the same BBU simultaneously, 

the central BBU can configure Closed Loop Spatial Multiplexing (CLSM) on that device. 

Details of simulation parameters are shown in table I. 

 

C. Path Loss 

The path loss between a base station and connected device is represented by the propagation 

path loss plus the antenna gain at both ends. The path loss on the link between the access point 
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(RRH) and a device is defined by the channel model [14]: 

 

Pch =32.4 + 10n log10f + 20 log10R +Xσ                                                           (2) 

 

where: Pch is the channel path loss between RRH and UE in dB, f is the carrier frequency in 

GHz, R is the separation between BS and UE in metres, n is the path loss exponent, and Xσ is 

the shadow fading loss which can be represented by log normal shadowing, that has zero mean 

and 9dB [15] standard deviation. 

 

Table 1 network model parameters 

 

Model parameter Value 

Multiple access OFDM, with normal cyclic prefix 

Communication Downlink 

Tx Power 10 W 

Tx antenna gain GTx 15 dB 

Rx antenna gain GRx 0 dB 

Tx pattern As in eq.1 

Electrical tilt - 4 degree (down tilt) 

Rx pattern Omni-directional 

Carrier frequency 28GHz 

Remote Radio Heads Yes 

Speed of light 299792458 m/s 

Wavelength 10.7 mm 

Bandwidth 10 MHz and could be higher up to 1GHz 

Antenna Type SISO and MIMO 

Tx mode Closed Loop Spatial Multiplexing CLSM 

Tx antenna elements 1,2, and 4 

Tx Antenna height 10 m 

Rx antenna height 1.5 m 

Polarisation X-POL and CO-POL 
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Modulation Adaptive (QPSK, 16QAM, 64QAM) 

Region of interest ROI = 600x600 m2 

no. of BBU’s 21 unit per ROI 

Distance among BBUs 200m 

no. of RRHs Up to 63 RRHs, with 3 RRHs per BBU 

Noise Figure 10 dB 

Noise Density -174 dBm/Hz 

Traffic Model Full Buffer 

Scheduler Proportional Fair 

 

 

The work has been conducted in the 28GHz band as it could be the first choice among other 

millimetre wave band due to their stronger path gain with around 1GHz of available 

bandwidth. Three scenarios have been considered; the first scenario represents a single input 

single output (SISO) with no RRH deployments, shown in green on the results figures. The 

second scenario represents a (2x2/4x2) MIMO with no RRH, two RHH, or three RRH 

deployment, shown in red. The third scenario represents 4x4 MIMO and also with no RRH, 

two RRHs, or 3RRHs case, shown in blue on the results figures.  

When using more RRHs, the probability of coverage will be improved and therefore the signal 

penetration will be highly improved. This means the resources are being used more efficiently, 

i.e., data throughput per PRB is higher. In addition distributing RRHs can support MIMO with 

line-of-site (LOS) transmission, since the new signals have less correlation in the LOS, and 

therefore support CLSM similar to the concept of distributed MIMO (D-MIMO). 

 

Consequently, the spectral efficiency (bit/sec/Hz) will be improved. Fig.5 shows the spectral 

efficiency improvement and comparison when the deployment of network is considered with 

and without RRHs. As seen, the last scenario (3RRHs) has significant improvements in the 

spectral efficiency due to efficient use of resources in this case. 

 

This improvement in spectral efficiency is reflected by significant improvement in both 

average UE throughput and average cell throughput. Fig.6 shows the average cell data 

throughput and average UE throughput (210 UEs). In this figure, improvement in data 
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throughput is reported when the deployment of RRHs is considered, with the most 

improvement occurring in the case of 3RRHs per BBU. 

 

Higher number of RRHs is also possible as DBS architecture support easier scalability and 

network flexibility. RRHs with higher number of antennas are also possible, where the single 

RRH can have operation and frequency agility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.5 average spectral efficiency (p/s/Hz) 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.6 average cell and UE data throughput (Mbps) 

 

I. OPTIMISING ANTENNA SEPARATION 

 

The ability to support increased data rates without simultaneously increasing channel 

bandwidth motivates interest in MIMO communication links. MIMO links establish multiple 
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parallel communication channels using closely spaced transmitter and receiver antenna 

elements. 

 

An alternative approach, is millimeter-wave MIMO shown in fig.7, which establishes multiple 

parallel links in a LOS environment [16], as millimeter wave highly relies on LOS 

transmission. The basic theory for this system architecture first appeared in [17]. In this 

configuration, the transmitter and receiver use antenna array of 1×n elements or n×n square 

array of antenna elements spaced according to [18]: 

 

The angular separation among the transmit array antenna is: 

                                                                                                                            (3) 

Where D is the separation among antenna elements, and R is the distance between the 

transmitting antenna and UE antenna. And the angular resolution seen by the UE antenna 

array is: 

                                                                                                                         (4) 

Where n is the number of transmit array antenna elements and λ is the carrier wavelength 

Now for appropriate separation in Tx antennas compared with Rx antennas, 

                                                                                             (5) 

 

In our work, we have used four antenna elements to establish MIMO channel. We have started 

by defining the antenna array for base station antenna (Tx antenna) by using uniform linear 

array (ULA) with vertically co-polarised element (COPOL) as shown in fig.8a. All antenna 

elements have 0 slant angle (vertically polarised). This assumption can be further extended to 

represent cross polarised array (XPOL) with -45/45 slant angles (X polarisation) as shown in 

the fig.8b, whereas the UE antennas is defined as in fig.8c. 

 

In the system level simulation, ULA has been chosen for both base station & UE, with zero 

slant angles for all antennas elements. We have used seven base stations (21 cells) with ten 

UEs per cell (210 UEs in total) as shown in fig.9. The increase in antenna separation (dh) in 
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 spatial distribution among individual streams. This will 

increase the probability of having many streams from the same array with higher un-

correlation among them to enable the BS to configure CLSM with the UEs [17]. 

 

 

 

Figure.7 LOS MIMO system in millimetre wave band [16]. 

 

 
 

   (a)                                            (b) 

  

 
                            (c) 

 Figure.8 Antenna configuration and polarization modes at (a,b) base station antenna 

array and (c) UE antenna. 

The results have proven considerable gain in average cell throughput compared with the default 

big antenna array infrastructure, which could be considered to be impossible to implement on 

ground. However, with very small wavelength in the millimetre wave band, higher spacing in 
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terms of wavelength will yield realistic antenna array size and therefore, higher spacing of 

 considered. 

The new scheme has also improved the cell-edge users, now cell edge users experienced a 

better SINR which consequently improved their data throughput. The work result is shown in 

fig.10, where the improvement in average cell and cell-edge throughput are shown. While in 

fig.11, a cumulative distribution function (CDF) is shown for the whole 210 UE; showing the 

average throughput of UEs in different antenna spacing options. These results show significant 

improvement in data throughput when higher spacing among antenna elements is used 

 

Figure.9 5G nodes & UE map with 150m inter-node-distance, and 210 UEs (dark dots)  

with10 UEs per c 

 

 

 

 

 

 

Figure.10 average cell throughput and cell-edge user throughput vs. antenna element 

spacing. 
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Figure.11 average UE throughput for multiple antenna element spacing. 

 

 Nevertheless, the spacing among antenna elements has its limitations. Firstly, using 

lower frequency means the antenna array size will become unrealistic, especially with higher 

number of antennas (e.g., massive MIMO). Moving the carrier frequency to higher frequency, 

e.g., (60GHz) will allow more room for spacing. The second limitation is considered when 

SINR begins deteriorating. This happens when the spacing is increased dramatically, which will 

consequently degrade the data throughput. Therefore, the spacing should be carefully optimised 

to improve the network performance. 

 

II. CONCLUSIONS 

Due to their poor channel condition and short wavelengths, millimetre wave band can suffer 

high signal attenuation when they are adopted for mobile access, which will affect the overall 

network performance. In this work, two scenarios are considered. The first scenario is the 

distributed base station approach with remote radio head, which has been used to sidestep the 

high path loss and atmospheric attenuation through deploying RRHs instead of having all 

antennas co-located at the base station. The new RRHs will ensure higher SINR within their 

region of deployment. Furthermore, distributing RRHs can facilitate the principle of MIMO in 

the line of site, and increase the un-correlation among the stream received by the UEs to enable 

the CLSM. This will improve overall network performance in terms of data throughput. 

In the second scenario, optimising antenna spacing has been considered. The default antenna 

separation in the legacy cellular network is around half the wavelength. Higher separation 
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would improve the signal transmission and reception and therefore increase the data throughput, 

but as the wavelength is too long, the separation will result in an unrealistic array size. In 

millimetre wave, this is no longer a problem due to their very shorter wavelengths. The work 

results have been presented with multiple antennas separations. 

The results show significant gain in terms of average UE/cell data throughput and cell-edge user 

throughput. Acknowledgment. This work is sponsored by the ministry of higher education and 

scientific research, University of Anbar, Iraq. 
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Bi5O7I is one of the bismuth oxyiodide (BiOI) derivate with bismuth and oxygen-rich contained 

which can act as semiconductor material. Here, we reported that a successful TiO2/Bi5O7I 

nanocomposite films fabrication could be carried out by the annealing treatment of TiO2/BiOI 

films at 450 oC. The prepared films have been applied as the photoanode in photovoltaic 

devices by adapting the dye-sensitized solar cell (DSSC) model. Our annealed BiOI was Bi5O7I 

which was proven by the X-Ray diffraction (XRD) patterns of both materials. The usage of 

Bi5O7I in TiO2/Bi5O7I films could change the optical behavior of films which has been 

indicated by the decreasing in its band gap energy, extending the absorption wavelength edge 

of the films. The backscattered scanning electron microscope (SEM) images depicted the 

incorporation of Bi5O7I in the TiO2-contained films. We designed the photovoltaic device 

structure as the arrangement: FTO/TiO2/Bi5O7I/Iodine electrolyte/Pt-FTO. Overall, the 

addition of Bi5O7I could enhance the photovoltaic performance of TiO2/Bi5O7I cells in 

comparison to the only TiO2 films. The slight enhancement in short-circuit current values over 

the TiO2/Bi2O3 from the previous report can be the evidence that Bi5O7I is also has the benefit 

which is not only for photocatalytic reaction, but also the photovoltaic application. 

 

 

Keywords: BiOI; Bi5O7I; TiO2; Nanocomposite; Photovoltaic; Annealing.  

 

1. INTRODUCTION 

 

Solar cell device development is still being the most interested research focus among the 

researchers since the demand of energy has increased rapidly. Solar energy is abundant and it 

can be considered as the clean renewable resources to generate the electricity [1]. Since the two 

decades, DSSC has attracted the attention despite the fact on its less stability and high-cost 

issue. Thus, many researches have been focused to build a competitive photoelectric cell from 

its performance and its production cost. Although each part in the solar energy device plays an 

http://etn.siats.co.uk/
mailto:anissaputri@walisongo.ac.id
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important role, the photoanode development study has been frequently attempted to achieve 

the higher power conversion efficiency (PCE). Generally, the photoanode composition in 

DSSC can be consisted of the semiconductor material and dye. The most common 

semiconductor materials used in DSSC are TiO2 and ZnO due to  

 

their transparency character, stability in air, and their unique electronic property. However, 

both the aforementioned materials only can show the higher activity under the UV-Visible light 

which is only 4% from the reached total solar energy to the earth [2]. To increase the activity 

of TiO2 and ZnO, some procedures have been developed, like contacting these materials with 

the dye [3,4].  

 

Another way to improve the TiO2 performance is by sensitization with visible light active 

photocatalyst to enhance the solar light absorption of TiO2 [5]. The combination of TiO2 with 

photocatalyst material can affect the band gap energy of semiconductor, the position of valence 

band and conduction band, and it may have the influence on the both materials crystal form. 

As a result, the combined semiconductor had the better performance [6,7]. The sensitization of 

inorganic material in TiO2 or ZnO has some advantages over the dye sensitization. In DSSC, 

the stability is still being the issue since the organic dye used in this system is mostly unstable 

[8]. Thus, in line with the previous work [9], we have tried combining TiO2 and bismuth-based 

material, like Bi5O7I to study the bismuth-based material chance for photovoltaic application. 

In this study, we reported the fabrication of Bi5O7I as the bismuth-based material for 

photovoltaic application without involving the dye in the devices and to the best our 

knowledge, Bi5O7I is no longer applied in photovoltaic devices. 

 

Bi5O7I is one of the BiOI families which have the character as semiconductor material and 

photocatalyst. Due to that fact that it has been common to apply this material as the 

photocatalyst, it can be considered as the promising material. In photocatalytic reaction, Bi5O7I 

has succeed to degrade the dye, like RhB in water and acetaldehyde [10,11] and phenol [12]. 

In addition, it is possible to synthesize doped material into Bi5O7I and this work could show 

the performance enhancement of Bi5O7I in the photocatalytic reaction [13]. Bi5O7I material 

consists of Bi atom which has the 6s orbital, O atom with its 2p orbital, and 5p orbital from I 

atom to construct the top of valence bond in Bi5O7I, while the 6p orbital from Bi atom will 

exist in its conduction band [14,15]. By this arrangement, the hybridization among 6s orbital 

and 2p orbital with 5p orbital in the valence band causes the valence band be more dispersed. 

As a consequence, it allows the photo-generated holes migration [16]. Compared to BiOI, 

Bi5O7I also has the ability in photocatalytic reaction due to the changing in its band gap energy 

and reduction/oxidation potential in its conduction and valence band as the effect of reducing 

in the iodine content [17].  

 

Although the low performance of photovoltaic cell is being the problem in our TiO2/Bi5O7I 

cell, it is interesting to note that due to its narrower band gap energy than Bi2O3, it could achieve 

a better Jsc over the TiO2-Bi2O3 photoanode, 0.341 mA/cm2 [9]. We expect that there will be a 

chance to improve the bismuth-based value for photovoltaic cell in the future since bismuth 

has been considered as the potential candidate to replace the lead usage in the 

photoelectrochemical cell. 
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2. EXPERIMENTAL 
2.1. TiO2/Bi5O7I nanocomposite film preparation 

 

Bi5O7I was derived from BiOI which was synthesized from 2 mmol of Bi(NO3)3.5H2O and KI 

precursors. The mixing of precursor for 15 min that was followed by 5 h stirring in 40 mL 

water prompted the orange mixture as powder material, BiOI. The precipitated then was 

separated from its solvent and this step was followed by washing in ethanol and water for 

several times. To prepare TiO2/BiOI nanocomposite films, each of TiO2/BiOI dispersion with 

percentage of BiOI: 0%; 6.25%; 12.5%; 25%; and 100% was carried out for 15 minutes. Prior 

to the annealing treatment of TiO2/BiOI films at 450 oC to obtain TiO2/Bi5O7I films, a doctor 

blade method was utilized to prepare the films. Around 6 μm of thickness was also detected by 

cross-sectional SEM image. 

 

 

2.2. Characterization 

 

To characterize the film properties, we used some instruments to investigate the character of 

prepared TiO2/Bi5O7I films. X-Ray diffraction (XRD) analysis, RINT-2100 diffractometer was 

operated to study the structural property of TiO2, BiOI, and Bi5O7I films. Scanning electron 

microscope, FESEM JEOL JSM-7100F was utilized to study the morphology of films. UV-

Visible spectrophotometer (JASCO 670 UV) was used to study the optical property of films. 

Then, for measuring the I-V performance of films, a solar simulator (AM 1.5G, 100 mW/cm2) 

was involved in our work. 

 

2.3. Devices fabrication 

 

To prepare the photovoltaic devices, we adapted DSSC model in our cell. However, in this 

work, the films were not soaked into dye solution. The cell consisted of FTO-TiO2/Bi5O7I as 

photoanode was paired with Pt-FTO as a counter electrode. The iodine electrolyte was 

interleaved between the active electrodes. The active area for measurement was set up for 0.16 

cm2 and the device is illustrated in Fig. 4. 

 

3. RESULTS AND DISCUSSION 

 

Here we display the XRD patterns of TiO2, Bi5O7I as the result of annealing at 450 oC, and 

BiOI as the parent bismuth material in our work. The diffractogram is shown in Figure 1. As 

the annealing process applied, we can see a total different of structural property between BiOI 

and Bi5O7I. BiOI has the (002); (102); and (110) peaks as the character of BiOI which those 

crystal planes exist in 2θ around 19.6o; 29.8o; and 31.7o, respectively. This BiOI character is in 

line to the JCPDS card of BiOI no. 73-2062 [18]. In addition, the shifting peak to 2θ 28.2o and 

31.2o indicates the crystal plane of Bi5O7I (312) and (004) which appears in the diffractogram 

of Bi5O7I. The analysis of Bi5O7I refers to the JCPDS card no 40-0548 and our Bi5O7I character 

has the agreement with the previous report [19]. Since there is no BiOI peak assigned in the 

Bi5O7I diffractogram, we believed that the heating treatment can be a successful way for 

converting BiOI to Bi5O7I. The material changing from BiOI to Bi5O7I may occur based on the 

written reaction in Eq. 1. Annealing treatment supported with air oxidation allows the 

deiodination reaction in BiOI to form the bismuth and oxygen-rich material, like Bi5O7I. 

5BiOI + O2  Bi5O7I + 2I2                                                                            (1) 
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Fig. 1 also represents the diffractogram which shows the TiO2 P25 peak character. (101) and 

(110) crystal planes correspond to anatase (25.2o) and rutile (27.4o) phases [20,21]. By this 

result, we can differentiate between anatase and rutile phase in TiO2 since both peaks do not 

overlap. From the d-spacing calculation, we obtained 0.30 nm; 0.316 nm; and 0.353 nm for 

tetragonal BiOI, orthorhombic Bi5O7I, anatase TiO2 which indicate the (102); (312); (101) 

crystal planes and those interplanar distance of lattice spacing matched to the previous reports 

[22–24]. The determination of d-spacing considers to the Bragg’s law, λ = 2d sinθ, where λ is 

X-ray wavelength with Cu Kα radiation, d is interplane spacing, and θ is the Bragg angle. By 

using the Debye-Scherrer equation, L = Kλ/βCosθ, we obtained the average crystallite value 

for Bi5O7I, which was 28.66 nm and 25 nm for TiO2, whereas L is the crystallite size, K is the 

constant (0.9), λ is X-ray wavelength with Cu Kα radiation (0.154 nm), β is FWHM value, and 

θ is the Bragg angle. This result is near from to the calculated crystal size value in the previous 

work [25]. 

 

 
 

Figure 1 Diffractogram of TiO2, Bi5O7I, and BiOI. 

 

Figure 2 displays the backscattered (BSE) SEM images of composited TiO2/Bi5O7I at the 

percentage of Bi5O7I was 12.5% and 25%. The BSE images can depict the differences in 

composition of material clearly. It is obviously seen from the picture that the more Bi5O7I 

percentage likes in Fig. 2B will show the more contained bigger material. The morphology of 

TiO2 is particulate and Bi5O7I is sheet-like shape. The sheet Bi5O7I shape is a common 

morphology in the bismuth-based material since the (001) crystal plane is easy to form in the 

BiOI which depends on the amount of water as solvent during BiOI preparation [26]. Here we 
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noticed that Bi5O7I has the bigger size than TiO2 which is in line to its crystallite size of both 

materials. 
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Figure 2 Backscattered electron SEM images of 12.5% (A) and 25% (B) of Bi5O7I and the 

higher magnification of 12.5% (C) and 25% films (D). 

 

 

Analysis with UV-Visible spectroscopy resulted in the displayed graph in Fig. 3. It informs that 

owing to the higher mass percentage of Bi5O7I in the composite films, it resulted in the slight 

red-shift behavior of material response under the visible light. However, during the experiment, 

we noticed that the opacity increased along with the increase in the amount of Bi5O7I. The band 

gap energy determination from Tauc plot calculation follows the indirect band gap model which 

the equation is αhυ = A(hυ – Eg)n/2. The coefficient of absorption, Planck constant, photonic 

frequency, band gap energy, and the value which is correlated to the semiconductor transition 

are notated: α, h, υ, Eg, n.  n=1 is the transition model that is allowed as the indirect transition. 

We obtained the biggest band gap energy was more than 3 eV which came from the pure TiO2. 

As the Bi5O7I added, the decrease in its band gap energy has been detected. Therefore, we 

obtained the maximum wavelength absorption around 399 nm; 411 nm; 416 nm; 430 nm; and 

490 nm for Bi5O7I percentage in TiO2/Bi5O7I 0%; 6.25%; 12.5%; 25%; and 100%, respectively. 
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Figure 3 Tauc plot of TiO2; TiO2/Bi5O7I; and Bi5O7I films. 

 

Study in the photovoltaic behavior for TiO2/Bi5O7I films was carried out using solar simulator 

system with Xenon lamp. The illustration of device is displayed in Fig. 4 and the I-V test result 

is shown in the Fig. 5A. A trend in the Jsc and Voc values is also shown in the Fig. 5B. By these 

results, we notice that the Bi5O7I usage has an effect on its photovoltaic performance. As the 

amount of this material increases, the ability in light harvesting also increases. Therefore, its 

Jsc will be higher as the impact of the higher visible light absorption. Comparing to the pure 

TiO2 film in TiO2/Bi5O7I 0%, the only Bi5O7I photoanode exhibits the highest photovoltaic 

parameter due to its highest Jsc. In addition, the bigger size of Bi5O7I may have the light 

scattering effect to maximize its Jsc. Therefore, the PCE has doubled for the Bi5O7I device. 

The resulting composite material shows the quality improvement as the electronic conductor 

material which is indicated by the slight increment in the open-circuit voltage value and a 

gradual increase of the short-circuit current. 

 

 

Figure 4 The illustration of photovoltaic device structure for TiO2 (A) and TiO2/Bi5O7I (B). 
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We have compared the TiO2/Bi5O7I cell with the TiO2/Bi2O3 cell and TiO2/BiOI cell from the 

previous reports. Due to the different band gap energy among those bismuth materials, with the 

arrangement: BiOI < Bi5O7I < Bi2O3, the short-circuit current also has the order list: 

TiO2/BiOI > TiO2/Bi5O7I > TiO2/Bi2O3 [9,27]. Here we supposed that the light harvesting 

ability of those materials is responsible to short-circuit current enhancement. Generally, the 

more addition of Bi5O7I to the films also has an impact on the open-circuit voltage (Voc). The 

new electronic structure due to the combination of Bi5O7I and TiO2 may be the reason on the 

Voc changing. It is clearly shown that by involving Bi5O7I, it can exhibit the better performance 

than pure TiO2. The changing in its electronic state between in TiO2 and composite TiO2/Bi5O7I 

films due to the Bi5O7I addition resulted in the different band gap energy which is followed by 

the rearrangement in its Fermi level energy state. As a result, the recombination in the 

composited material might be lower in comparison to the TiO2 itself. Thus, the Voc increases 

since the collected electron by FTO which travelled within the devices may be higher in the 

composite cell. 

 

 

 

Figure 5 I-V curve (A) and Jsc and Voc graph (B) of TiO2/Bi5O7I photovoltaic devices in the 

different percentage of Bi5O7I. 
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4. CONCLUSIONS 

 

TiO2/Bi5O7I nanocomposite films have been successfully prepared by the annealing treatment 

of TiO2/BiOI at 450 oC.  The annealing of BiOI could transform BiOI to Bi5O7I without any 

detected impurities. A backscattered electron images by SEM analysis could show the blending 

of TiO2 and Bi5O7I in the sample. The more number of bigger material as Bi5O7I in the SEM 

image could be an evident that the more amount of Bi5O7I added to the sample. As the Bi5O7I 

weight percentage increased, it could induce the red-shifting of composite materials which 

extended the visible absorption wavelength edge. Therefore, Bi5O7I usage had the impact on 

its photovoltaic properties. By increasing the amount of Bi5O7I, it can be clearly observed that 

the Jsc increased and resulted in the higher PCE value. The changing in the film composition 

also could reveal the different Voc value which could be caused by the different electronic 

structure of semiconductor material in our photoanodes. This report shows that without 

employing the dye, Bi5O7I can be used as the photoanode component for photovoltaic device 

and it achieved the better performance than the only TiO2 film. 
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In this paper we are reporting an in-depth study into the material properties of cadmium 

incorporated kesterite material Cu2(CdxZn1-x)SnS4 (CZCTS). Though it was reported in the past 

that CZCTS can be a candidate solar cell material, little is known about the material 

characteristics of this compound. In this work, the impact of Cd content on structural, 

morphological, optical, electrical and opto-electronic properties of CZCTS films is studied by 

XRD, Raman, EDXS, SEM, UV-Vis, Seebeck effect, photoconductivity, I-T, Kelvin probe, and 

Hall measurements. It was found that the CZCTS band-gap varies almost linearly with the Cd 

concentration in CZTS lattice. Photosensitivity, carrier concentration and work function showed 

a clear tendency with respect to Cd content. The in-depth material characterizations and in 

particular the electrical and opto-electronic data presented in this paper will help designing opto-

electronic devices based on this material. 

 

Keywords: Cu2 (CdxZn1-x) SnS4; kesterite; solar materials 

 

1. INTRODUCTION 

 

Cu2ZnSnS4 (CZTS) semiconductor has been widely studied as a potential absorber material 

due to its adequate physical properties for solar cell applications as well as the abundance of 

its constituents. In particular, this semiconductor is described by p-type conductivity, a direct 

band-gap near to 1.5 eV which is close to the optimal one for single- junction solar cells, and 

relatively high optical absorption coefficient [1-3]. However, efficiency of CZTS solar cells 

has been mainly limited by the large open-circuit voltage deficit, which is a result of the 

cationic (Cu/Zn) disorder resulting from similar ion radius of Cu and Zn, contributing to the 

http://etn.siats.co.uk/
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formation of CuZn antisite defects [4-6]. In order to reduce the density of defects associated to 

Cu/Zn disorder for promoting kesterite solar cell efficiency, the partial replacement of Zn 

atoms by other elements with relatively higher radius is highly recommended. In this sense, 

Cd is characterized by larger radius than those of Cu and Zn and hence incorporation of Cd into 

CZTS lattice may reduce the formation of CuZn antisite defects which in turn can enhance open-

circuit voltage. In fact, an efficiency improvement from 5.3% for reference CZTS device to 

9.2% for Cu2Zn0.6Cd0.4SnS4 (CZCTS) has been demonstrated [7], supporting the advantages 

of Cd alloying in CZTS compound. More recently, an efficiency of 11.5% with reduced open-

circuit voltage deficit was reported for Cd alloyed CZTS solar cells [8]. It was found that the 

introduction of Cd can reduce the band- tailing issue while improving the microstructure, 

minority carrier lifetime and electrical properties of CZTS absorber [8]. Another important 

feature associated to Cd alloying is the band-gap lowering from 1.55 to 1.09 eV in 

Cu2(CdxZn1-x)SnS4 when x is changed from 0 to 1 [8,9]. As a result, unlike most reported 

works on reaching ideal band-gap values by changing S/Se compositional ratio in CZTSSe 

[10], the Cd alloying to obtain Cu2(CdxZn1- x)SnS4 compound could favor not only the 

reduction of Cu/Zn disorder defects but also achieving an optimal band-gap. As an interesting 

point, a band-gap grading could be also achieved for CZCTS compound by controlling 

Cd/(Zn+Cd) compositional ratio which could be an alternative choice to band-gap grading 

based on S/Se compositional ratio. Furthermore, the use of CdS with low enthalpy of formation 

as the Cd source can enlarge the single-phase region reducing the formation of secondary 

phases which is also an important aspect in this 

technology [7]. Therefore, Cu2(CdxZn1-x)SnS4 compound is presented as a potential candidate 

for promoting current kesterite solar cell technology. However, in comparison to CZTSSe 

compound, fewer studies are found on the physical properties of Cd incorporated CZCTS. In 

particular lacking information on the role that Cd element is playing on electrical properties 

of CZCTS. This study could help for a better understanding of mechanisms behind Cd 

alloying processes contributing to a further promotion of CZCTS solar cell efficiency. 

So far, only few studies where CZCTS compound was processed through sol-gel [7, 11, 12], 

spin-coating [13-16], electrospinning [17], and a hybrid approach where CZTS precursors 

where deposited by sputtering followed by depositing CdS by chemical bath deposition. In 

the latter case a post-deposition thermal annealing of the stack in sulfur atmosphere was 
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performed [8]. In this paper, we are discussing the impact of Cd/(Zn+Cd) compositional ratios 

on the physical properties of CZCTS thin film. The impact of Cd concentrations on structural, 

morphological, optical and electrical properties of CZCTS thin films are studied in detail.  

2. EXPERIMENTAL DETAILS 

 
The CZCTS thin films were developed on corning glass substrates in order to facilitate various 

studies. The first layer CdS with different thicknesses were deposited by chemical bath 

deposition at 80 ̊C from a bath containing Cd(NO3)2 (0.1 M), Na3C6H5O7 (1 M), NH4OH (1 

M) and CH4N2S (1 M) in deionized water. The thickness of CdS layers was decided by the 

time duration substrate was immersed in the bath. The second step was the sequential 

deposition of binary sulfides in the following order: CuS/SnS/ZnS on top of CdS. Finally, the 

thin film stack was submitted to thermal annealing under N2 and S atmosphere. The CuS and 

SnS thicknesses were set at 600 and 950 nm respectively, while the thickness of ZnS was 

reduced from 120 nm to 80 nm in steps of 10 nm in order to match with the CdS thickness 

increase in the range of 60 – 140 nm with a step of about 20 nm. This particular film 

thicknesses were selected on the basis of different experiments, in order to obtain CZCTS 

films with different Cd/(Zn+Cd) compositional ratios. The corresponding samples were 

labeled as CZCTS1 (ZnS: 120 nm, CdS: 60 nm), CZCTS2 (ZnS: 110 nm, CdS: 80 nm), 

CZCTS3 (ZnS: 100 nm, CdS: 100 nm), CZCTS4 (ZnS: 90 nm, CdS: 120 nm) and CZCTS5 

(ZnS: 80 nm, CdS: 140 nm). This combinations provided CZCTS films with Cu/(Zn+Cd+Sn) 

and (Zn+Cd)/Sn compositional ratios close to the optimum values required for kesterite solar 

cells (Cu-poor and Zn-rich samples) [18]. Furthermore, in this study, Cd/(Zn+Cd) 

compositional ratio in the range of 0.3-0.7 was chosen, which is close to the optimal value 

reported for CZCTS solar cells [8]. The thermal annealing process was carried out under 

nitrogen and 15 mg of sulfur in a sealed oven which was evacuated and purged with nitrogen 

to minimize the oxygen level. Samples were first annealed at 350 ̊C during 30 min under a 

chamber pressure of 600 mTorr to allow the diffusion of elements and in turn the formation 

of CZCTS compound followed by a second annealing step at 550 ̊C for 20 min under a 

pressure of 1Torr to promote recrystallization. A ramp rate was 20 ̊C/min in both cases and 

after completing the annealing the oven is left to cool naturally to room temperature 

(approximately 2-3 h). 

The structural properties of CZCTS thin films were studied by X-ray diffraction (XRD) 
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patterns with a Rigaku X-ray diffractometer operating at 40 kV and 40 mA by using Cu-Kα 

radiation (λ = 0.15405 nm). XRD patterns of the films were recorded by scanning 2θ in the 

range 10–80°, with a grazing incidence angle of 1°. The elemental composition of the thin 

films was determined by energy dispersive X-ray spectroscopy (EDXS) using a SEM, model 

Hitachi SU I510. The Raman measurements were performed in a back-scattering geometry. 

The set-up consists of a confocal microscope with 60x objective, a diode-pumped solid state 

(DPSS) laser at a wavelength of 515 nm, a notch filter for removal of scattered laser light, and 

a Horiba iHR550 spectrometer with a Peltier-cooled CCD detector. The calibration of the 

spectrometer was verified before each measurement by acquiring Raman Spectra of a standard 

silicon wafer. A field emission scanning electron microscope (Hitachi FE-SEM S-5500) was 

employed for surface and cross sectional morphology of CZCTS films. For CZCTS band-gap 

calculation, transmittance and reflectance data were recorded by a Shimadzu 3101 UV–Vis 

spectrophotometer. Thermoelectric measurements were performed in a home-made Seebeck 

system. The electrical properties such as carrier concentration, mobility, resistivity, and the 

conductivity type of the films were measured by Hall Effect at room temperature applying a 

magnetic field of 0.36 T using a HS-3000 Hall system. The photoresponse measurements were 

performed under constant DC bias of 1 V and recorded each second in the following sequence: 

5 s in dark, 5 s under illumination (850 W/m2), and finally 5 s in dark. The electrical contacts 

were taken from two carbon electrodes painted 

over the film in a co-planar configuration. The setup consists of a Keithley 230 voltage source 

and a Keithley 619 electrometer. Current-temperature (I-T) measurements were performed in 

order to study activation energies in the temperature range 25-280 K. Furthermore, work 

function measurements were performed with an Ambient Kelvin Probe KP050, KP 

Technology using an Au probe of known work function (-5.021 eV). All measurements were 

carried out on two batches of films processed at identical conditions and the characterization 

results were found to be reproducible. 

 
3. RESULTS AND DISCUSSION 

3.1 Structure and composition 
 

Elemental compositions as well as Cu/(Zn+Cd+Sn), (Zn+Cd)/Sn and Cd/(Zn+Cd) ratios of 

CZCTS samples calculated from EDXS are summarized in Table 1. All samples showed 
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Cu/(Zn+Cd+Sn) and (Zn+Cd)/Sn compositional ratios near to the ones identified as optimal 

for solar cell applications [18]. Furthermore, sulfur concentrations about 50% were obtained. 

Partial replacement of Zn atoms with Cd is evident and systematically increasing from 

CZCTS1 to CZCTS5 as expected. Results on XRD of CZCTS samples grown under different 

Cd/(Zn+Cd) compositional ratios are presented in Fig. 1. The highest contributions to 

diffraction are observed from planes (112), (200), (220), (312) and (332) which are ascribed 

to Cu2ZnCdSnS4 compound with tetragonal structure as per PDF: 26-0575 and PDF: 29-0537 

for Cu2ZnSnS4 and Cu2CdSnS4 (CCTS) respectively. These results are in good agreement 

with previously published works [7, 13, 19, 20]. A small contribution from planes 

(110) and (008) attributed to the Cu2ZnCdSnS4 compound is also illustrated. The behavior of 

diffraction plane (112) as a function of Cd/(Zn+Cd) compositional ratio is presented in Fig. 

2. A peak shift towards lower angles with increase in Cd/(Zn+Cd) compositional ratio is 

clearly observed, which is a result of partial replacement of Zn atoms by Cd as previously 

reported [7, 13, 19]. This behavior is in good correspondence with results presented in Table 

1. From a previous theoretical work, it has been demonstrated that substitution energies of Cd 

atoms at Cu, Sn and Zn sites in CZTS lattice are Esub(CdCu) = 0.69eV, Esub(CdSn) = 1.07 eV 

and Esub(CdZn) = 0.53 eV [20]. Therefore, Cd substitution at Zn sites is the most likely 

isoelectronic substitution. On the other hand, the presence of Cu vacancies under the present 

conditions (Cu-poor and Zn-rich samples) can also favor Cd substitution at Cu sites forming 

charge-neutral (CdCu + VCu) pairs [20]. Crystallite size and strain values were estimated from 

Williamson-Hall method and results are presented in Table 1. Small variations of crystallite 

sizes in the rage of 33.8 – 53.1 nm were obtained. In particular, the highest crystallite sizes 

are obtained for samples CZCTS1 and CZCTS2 which present Cd/(Zn+Cd) compositional 

ratios near to the optimal values suggested for solar cells [8]. As an interesting result, in a 

previous work improvements in surface morphology and crystal growth were observed at the 

optimal Cd/(Zn+Cd) compositional ratio [15]. Consequently, CZCTS1 and CZCTS2 are 

identified as more adequate for solar cell applications. On the other hand, a slight but 

systematic increase in strain value is also obtained from CZCTS1 to CZCTS5 which is likely 

to be related to the partial substitution of Zn atoms by Cd atoms. In this sense, CZCTS1 and 

CZCTS2 samples present the lowest strain values and in turn the lowest structural distortion. 

As an interesting feature, an identical trend was observed for crystallite size (Table 1) and the 

intensity of reflection from plane (112) with increasing Cd/(Zn+Cd) compositional ratio (Fig. 

1). The observed decrease in (112) peak intensity for samples CZCTS1 to CZCTS3 coincides 
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with the decrease in crystallite size. For Cd/(Zn+Cd) compositional ratios higher than 0.54, a 

slight increase of both crystallite size and (112) peak intensity is observed. The CZCTS1 

sample displayed the highest (112) peak intensity along with the largest crystallite size 

supporting it as the adequate material from the structural point of view. 

 
Table 1. Elemental compositions, Cu/(Zn+Cd+Sn), (Zn+Cd)/Sn and Cd/(Zn+Cd) ratios, 

crystallite size and strain obtained from Williamson-Hall analysis for CZCTS samples. 

sample Cu (%) Zn (%) Cd (%) Sn (%) S (%) Cu/  

(Zn+Cd+Sn

) 

(Zn+Cd)/ 

Sn 

Cd/ 

(Zn+Cd) 

Crystallite 

Size (nm) 
 
  

strain 

CZCTS1 23.54 9.53 4.49 11.28 51.16 0.93 1.24 0.32 53.1 0.00046 

CZCTS2 23.56 9.23 5.19 11.68 50.34 0.90 1.23 0.36 49.5 0.00103 

CZCTS3 22.97 6.88 8.07 12.46 49.62 0.84 1.20 0.54 33.8 0.00112 

CZCTS4 23.52 5.60 8.75 11.56 50.57 0.91 1.24 0.61 42.5 0.00126 

CZCTS5 23.37 4.83 9.80 11.84 50.16 0.88 1.24 0.67    46.4 0.00198 
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Figure. 1. XRD patterns of CZCTS thin films processed under different Cd/(Zn+Cd) 

compositional ratio. 
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Figure. 2. Shift of the (112) XRD peak in CZCTS thin films as a function of Cd/(Zn+Cd) 

compositional ratio. 
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Figure. 3. Lattice parameters of tetragonal CZCTS thin films as functions of Cd/(Zn+Cd) 

compositional ratio. 
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Lattice parameters from tetragonal structure were calculated from XRD data and results are 

presented in Fig. 3. The calculated a and c lattice values are in good correspondence with 

those reported for Cu2ZnCdSnS4 compound with tetragonal structure as previously published 

[7, 13, 19]. In particular, an increase of both a and c parameters with increasing Cd/(Cd+Zn) 

ratio is observed which is a result of partial replacement of Zn atoms with higher radii Cd 

atoms as reported elsewhere [7, 13,19]. From lattice parameters, tetragonal distortion 

parameter (c/2a) was calculated which allows identifying the prominent phase, kesterite or 

stannite in samples. Distortion parameter lower or equal to 1 has been identified as kesterite 

while values higher than 1 indicates the stannite structure [21]. In our case, all samples were 

characterized by kesterite structure. In a recent work, it was observed that for Cd/(Zn+Cd) 

compositional ratio higher than 0.7, the (220) plane starts to split into 

(220) and (204) planes, confirming the transition from kesterite to stannite [13]. Therefore, 

from our XRD results, the formation of kesterite structure is confirmed as no split is observed 

under Cd/(Zn+Cd) compositional ratios in the range of 0.3–0.7. The kesterite structure in 

CZCTS compound was also found in references [7] and [15] for Cd/(Zn+Cd) compositional 

ratios lower than 0.7. Finally, it is worth mentioning that the presence of possible binary or 

ternary secondary phases was not detected in the XRD data. 

In order to acquire information on the preferential orientation of the crystallites, the texture 

coefficient (ℎ𝑘𝑙) was calculated using the relation:

                         

 
 
 

where 𝐼𝑜(ℎ𝑘𝑙) and 𝐼(ℎ𝑘𝑙) are respectively the relative intensities of the plane (ℎ𝑘𝑙) obtained from 

the powder sample (JCPDS data) and that measured on the sample under study, and 𝑁 is the 

number of diffraction peaks. Results on the texture coefficient as a function of Cd 

incorporation for planes (112), (200), (220) and (312) are presented in Fig. 4. When (ℎ𝑘𝑙) ≤ 1, 

the crystallites are randomly oriented and when it is greater than unity crystallites has a 

preferred growth along that particular plane. From Fig. 4, it is clear that the samples present a 
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preferred orientation along (112) plane which is more significant when 54% of Zn atoms 

are replaced by Cd atoms. A preferential orientation along (112) plane has been previously 

reported for kesterite family [1]. 
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Figure. 4. Texture coefficient for (112), (200), (220) and (312) planes of CZCTS thin films 

as a function of Cd/(Zn+Cd) compositional ratio. 

Raman measurements were carried out in order to corroborate the CZCTS formation. Results 

on CZCTS thin films are presented in Figure 5. A1 mode positions at 338 and 326 cm-1 have 

been previously reported for CZTS and CCTS compounds, respectively [2, 22], which are 

associated to vibrational motion involving sulfur atom with Zn and Cd, respectively, in these 

compounds [13]. In this sense, the A1 mode of CZCTS compound with peak positions between 

those associated to CZTS and CCTS as a function of Cd incorporation is detected from Fig. 

5, in agreement with previous reports [13]. Particularly, a shift towards lower wavelength 

values with Cd incorporation is clearly observed from Fig. 5b. For Cd/(Zn+Cd) compositional 

ratios lower than 0.6, a nearly linear shift of main A1 mode is observed while subsequent 

increase in Cd concentration did not affect the frequency of main A1 mode. This result 

coincides with a previous report [19]. Cd atoms are characterized by higher mass than Zn, 

hence the replacement of Zn with Cd can result in frequency shift towards lower values. This 

result is in good agreement with the results on composition and stress observed in XRD 
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analysis. The slight increase of FWHM of main A1 peak with Cd incorporation can be 

interpreted as due to perturbations in crystalline lattice which coincides with XRD results and 

the literature reports on FWHM values of CZCTS as a function of Cd incorporation [13]. 

Further, a decrease in Raman intensity can be observed as a result of Cd incorporation, 

indicating a degradation in crystalline quality. The asymmetry of main A1 mode towards the 

higher wavenumber side could be attributed to a contribution from CZTS, which is more 

evident for CZCTS samples with least amount of Cd. It should be noted that no evidence of 

secondary phases was detected in Raman spectra. 
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Figure. 5. (a) Raman spectra of CZCTS thin films processed under different Cd 

concentrations, and (b) A1 peak position as a function of Cd/(Zn+Cd) compositional ratio. 

3.2 Morphological properties 

 
SEM micrographs of CZCTS surface and cross-section are presented in Fig. 6. Different 

surface morphologies depending on Cd content was observed. For the lowest Cd concentration 

(CZCTS1), homogenous, well defined large grains are observed. As the Cd content increased 

the grains got smaller and at higher Cd concentrations the smaller grains start to coalesce 

forming big clusters. The thickness of the samples as seen in the cross- section is in the range 

of 1.5 µm, and in general very compact and free of voids. Better crystallization is observed 

for samples CZCTS1 and CZCTS2, which are characterized by the lowest Cd concentrations; 

this result is expected based on the XRD and Raman results discussed above. The Cd/(Cd+Zn) 

compositional ratio of these samples are in the range 0.32 to 0.36 (Table 1), which is in the 

range of values reported in literature for device quality CZCTS [15]. 
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Figure. 6. Surface and cross-section micrographs of CZCTS thin films processed with 

different Cd concentrations. 
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3.3 Optical properties 

 
The impact of Cd content on CZCTS band-gap value was studied by recording the 

transmittance and reflectance of the films. Under multiple reflections condition, the 

absorption coefficient (𝛼) is defined as: 

 

 

 
 

where R and T the reflectance and transmittance as a functions of wavelength, and 𝑑 is the 

CZCTS film thickness. From absorption coefficient data, CZCTS band-gap (Eg) is calculated 

for allowed direct transitions from the linear plot (𝛼ℎ𝑣)2𝑣𝑠. ℎ𝑣, where ℎ𝑣 is the photon energy. 

Band-gap values in the range of 1.17 – 1.25 eV are estimated (Fig. 7). The inset of Fig. 7 is 

the variation of Eg with Cd/(Zn+Cd), showing a nearly linear dependence. The CZTS 

compound has been often described by a band-gap near to 1.5 eV [1] while band-gap values 

as low as 1.14 eV have been reported for CCTS thin films [22]. Therefore, the introduction of 

Cd into CZTS lattice can help to tailor the band-gap. A fitting function was determined for the 

Eg vs. Cd/(Zn+Cd) plot giving a bowing parameter b = 0.05, which accounts for the high 

linearity [13]. So far, the cause of band-gap lowering in CZCTS thin films with Cd 

incorporation is not well understood. The conduction band minimum (CBM) is mainly 

affected by the antibonding component of the s-s and s-p hybridization between the Sn4+ and 

S2-, while the valence band maximum (VBM) is mainly controlled by the antibonding 

component of the p-d hybridization between S2- and Cu+ [23]. Consequently, the partial 

substitution of Zn2+ with Cd2+ should not modify the band-gap value. In order to provide a 

possible explanation, Su et. al. considered that band-gap reduction with Cd incorporation could 

be a result of the expansion of CZTS unit cell volume that would weaken the antibonding 

component of the s-s and s-p hybridization between the Sn4+ and S2- leading to a reduction of 

CBM [7]. 



 

 

85 

Exp. Theo. NANOTECHOLOGY 3 (2019) 71-95 

 
 

4.0x1012 
 

3.2x1012 
 

2.4x1012 

 
1.6x1012 
 

8.0x1011 
 
 

             0.0 
                       0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

h (eV) 
 
 
 

Figure. 7. Band-gap determination for CZCTS thin films processed with different amounts 

of Cd. Inset shows the variation of band gap with increase of Cd content in the film. 

 

 

Information on defect formation can be obtained by Urbach tail model. According to Urbach 

model, the semilog plot of absorption vs. photon energy should give a linear fit where the slope 

yields to the inverse of Urbach energy. A lower Urbach energy accounts to a better crystallized 

material with less defects [8, 24]. Urbach energy for each sample was calculated as presented 

in the inset of Fig. 8 and its dependence on Cd incorporation is plotted in Fig. 

8. As an important feature, Urbach energy is higher for films with more Cd, which implies a 

higher lattice disorder with Cd incorporation, this observation is in agreement with XRD, 

Raman and SEM results. 

 

 
 

 
 

 
 

 
 

 
 0.5 0.6  

 

CZCTS

1 

CZCTS

2 

CZCTS

(
h

)2

(c
m

-1
e
V

)2
 

B
a

n
d

-g
a

p
 (

e
V

) 



 

 

86 

Exp. Theo. NANOTECHOLOGY 3 (2019) 71-95 

 

0.40 
 

0.36 
 

0.32 
 

0.28 
 

0.24 
 

0.20 
 

0.16 
 

0.12 

 
 
 
 
 
 
 
 
 
 
 
 

 
0.32 0.40 0.48 0.56 0.64 

Cd/(Zn+Cd) 
 

Figure. 8. Urbach energy for CZCTS thin films processed with different amounts of Cd. 

Inset: plot of ln(α) vs. energy (h) for estimating Urbach energy. 

 

 

3.4 Electrical properties 

 
The impact of Cd incorporation on CZCTS electrical properties is a topic studied little in 

literature. Seebeck measurements were performed to acquire information on electrical 

properties of CZCTS thin films. As far as we know, there is no report on Seebeck 

measurements in CZCTS compound. Results on Seebeck measurements are presented in Fig. 

9. The positive slope of the thermoelectric power demonstrate p-type conductivity for all 

samples. Thermoelectric power values in the range of 350 – 513 µV/K were calculated for 

CZCTS samples. A tendency to lower the thermoelectric power is observed with the Cd 

incorporation into the lattice. This behavior could be related to the decrease in hole carrier 

concentrations with Cd incorporation. That is, higher the thermoelectric power higher is the 

voltage created by diffused holes as a result of temperature difference. 
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Figure. 9. Seebeck measurements for CZCTS thin films processed under different Cd 

concentrations. Inset: Thermoelectric power as a function of Cd/(Zn+Cd) compositional 

ratio 

In order to study the potential application of these samples in solar cells, photoconductivity 

measurements were performed and the results are presented in Fig. 10(a). A decrease in 

photoconductivity with Cd incorporation is clearly observed. In particular, CZCTS1 displayed 

a response close to the ideal case (fast rise and fast decay) which accounts to a better 

crystalline quality. In fact, from XRD, Raman and SEM characterizations, it has been 

observed that the best crystallinity is obtained for CZCTS1 sample which supports the 

photoconductivity data. When Cd is incorporated, a slow rise and decay for the photoresponse 

is observed, indicating the action of charge traps. Also a tendency to increase the resistivity 

with Cd incorporation is clearly observed. Despite CZCTS4 and CZCTS5 are resulted as the 

most resistive samples, their photoresponse values were the lowest ones, which is a result of 

a higher defect formation contributing to carrier losses. From Fig. 10(a), information on 

photosensitivity as a function of Cd/(Cd+Zn) compositional ratio can be acquired and the 

results are summarized in Fig. 10(b). A clear drop of photosensitivity with Cd incorporation 

into the lattice is illustrated. In this sense, samples with Cd/(Cd+Zn) compositional ratios 

between 0.3 and 0.4 are better candidates for solar cell applications. 
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Figure. 10. (a)- Photoconductivity measurements for CZCTS thin films processed under 

different Cd concentrations, and (b)- photosensitivity dependence on Cd/(Zn+Cd) 

compositional ratio. 

Hall Effect measurements were performed to attain information on electrical properties of 

CZCTS samples. All the samples displayed p-type conductivity confirming results obtained 

by Seebeck effect measurements. Results on mobility. 
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hole carrier concentration and resistivity as a functions of Cd/(Cd+Zn) compositional ratios are 

presented in Fig. 11. Increase in resistivity with Cd incorporation until a Cd/(Cd+Zn) 

compositional ratio of 0.61 (CZCTS4 sample) is obtained while no meaningful trend was found 

for mobility values. The increase of CZCTS resistivity with Cd incorporation could be a result 

of the reduction of hole carrier concentration as presented in Fig. 11 corroborating thereby 

results obtained by Seebeck measurements where a reduction of thermoelectric power was 

reported. The resistivity trend observed from Hall measurements is in good agreement with 

resistivity trend obtained from photoconductivity measurements. For CZTS compound, it has 

been observed that Cu at Zn sites enables the formation of acceptor-like defects contributing 

to p- type conductivity of this compound [24] which is a result of similar radius of Cu and Zn 

atoms. In this sense, the partial replacement of Zn atoms by Cd would avoid the formation of 

CuZn antisites reducing acceptor carrier concentration and in turn resistivity of samples as 

observed from our results. In fact, a decrease in acceptor concentration with Cd incorporation 

was previously observed [8]. Values obtained from hole carrier concentration and hole 

mobility are in correspondence with values reported in reference [11] for CZCTS compound. 
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Figure. 11. Mobility, hole carrier concentration and resistivity found by Hall measurements for 

CZCTS thin films with different Cd concentrations. 

I-T measurements were performed to acquire more information on the impact of Cd 

concentration on electrical properties of the kesterite film. From the semilog plot of current 

vs 1/kT (where k is the Boltzmann constant and T the temperature), activation energy values 

can be estimated as shown in the inset of Fig. 12. The tendency of activation energy to 

increase with Cd content in film is demonstrated in Fig. 12. The activation energy provides 

an indication about shallow/deep levels formed within the band-gap which could be a result 

of bulk and/or grain boundary defects. In this sense, when the substitution of Zn by Cd is less 

than 40%, shallow defects which are likely to be acceptors are formed, however, for higher 

Cd incorporation deeper levels are formed which could be acting as recombination centers 

reducing the photocurrent response as demonstrated in Fig. 10a & b. This is also supported 

by the observation in Fig. 11 that the hole density is lower for films with higher Cd content. 

This could be a result of the partial replacement of Zn atoms by Cd avoiding the formation 

of CuZn antisites reducing thereby acceptor carrier concentration as mentioned before. 
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Figure. 12. Relation between activation energy and Cd content in film. Inset: Plot of ln (I) 

vs.1/kT for activation energy calculation. 
 

 

Finally, Kelvin-probe measurements were performed to estimate work function of the films. 

Bearing in mind the well-known mathematical relationship between Fermi energy and carrier 

concentration from semiconductor physics for doped samples, information on Fermi energy 

can be obtained once carrier concentration is measured from Hall effect. The electron affinity 

can be also estimated once the work function and Fermi energy are known. Results on Fermi 

energy, work function and electron affinity for CZCTS samples as a function of Cd content are 

presented in Fig. 13. Though the changes are small, a clear tendency is observed for Fermi 

energy, work function, and electron affinity with respect to the Cd content in the film. The 

increase in Fermi energy coincides with the tendency to lower hole density as seen in Fig. 11. 
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Figure. 13. Fermi energy (bottom), work function (middle), and electron affinity (top) as 

a function of Cd content in films. 

 

 

4. CONCLUSIONS 

 
Polycrystalline and phase-pure thin films of Cu2(CdxZn1-x)SnS4 with kesterite structure were 

developed by post-annealing of a binary sulfide stack CdS/CuS/SnS/ZnS. The Cd/(Zn+Cd) 

compositional ratio of the obtained films were in the range 0.3-0.6. It was observed that the 

Cu2(CdxZn1-x)SnS4 band-gap can be tailored with a nearly linear dependence on the amount 

of Cd incorporated into CZTS lattice. The electrical and opto-electronic parameters of the 

CZCTS films as a function of Cd content in the film is studied and reported. 
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Well-crystallized ZnO nanowire arrays were grown on GaN/sapphire by one-step chemical vapor 

deposition under control of the fabrication pressure of 1000– 2500 Pa and the best-aligned arrays 

were obtained at 1000 Pa. A photoluminescence study shows a red shift with nanowire diameter 

increase. Under 365-nm UV irradiation of 0.3 mW/cm2, the photoresponse study of the best ZnO 

ar- rays shows an ultra-fast tri-exponential rise with three constants of 0.148, 0.064 and 0.613 s, 

and a bi-exponential de- cay behavior with two recovery constants of 30 and 270 ms. The 

ZnO/GaN heterojunction barriers could be responsible for the ultra-fast tri-exponential rise and 

bi-exponential de- cay behavior. 

 

 

Keywords: ZnO; Array; UV.  

 

1. INTRODUCTION 

 

Recently, one-dimensional (1D) nanostructures have at- tracted increasing attention for a 

great variety of potential applications in nanodevices [1–3]. ZnO, one of the most im- portant 

metal oxides, has a wide band gap of 3.37 eV and a high exciton binding energy of 60 meV at 

room temperature. One-dimensional ZnO nanostructures such as nanowires (NWs), nanorods, 

nanotubes, nanobelts, thin films etc. are extensively studied for their applications in various 

opto- electronic devices, e.g. light-emitting diodes (LEDs), solar cells, phototransistors, UV 

photodetectors etc. [4–9]. For UV photodetectors, fast response and recovery times and high 

responsiveness are commonly desired characteristics. A very short recovery time ranging 

from a few milliseconds to several seconds is commonly observed in UV photodetec- tors 

based on a single ZnO nanowire [9–11]. However, the single-nanowire UV photodetector is 

hard to be manipulated and measured, due to its small size and very low photore- sponse 

current. To meet the requirement of real-time device application, many methods to enhance 

UV photoresponse current have been investigated [12, 13]. Li et al. reported a UV detector 

based on a ∼3- -thick disordered ZnO NW film with a photocurrent of about 100 A [14]. 

Bai et al. fabricated a UV sensor by integrating multiple nanowires con- nected in parallel, 

achieving about 1-mA photocurrent [15]. But, in these studies of UV photodetectors based on 

ZnO NW arrays or multiple nanowires, the response and recov- ery times are too long, ranging 

from a few minutes to sev- eral hours [16–18], which could be influenced by a number of 

https://www.sciencedirect.com/science/article/pii/S0306454918301889#!
https://www.sciencedirect.com/science/article/pii/S0306454918301889#!
mailto:pyon@rri.kyoto-u.ac.jp
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factors at interplay, such as the nanowire surface [16], defects [17] and processing conditions 

[18]. 

In this study, we fabricated a simple and functional UV photodetector based on ZnO NW 

arrays grown on GaN thin films, achieving success in obtaining a considerable photocurrent 

and ultra-fast photoresponse and recovery times. Two indium tin oxide (ITO) electrodes were 

contacted with the top of the ZnO NW arrays, instead of expensive lithography and thermally 

evaporated metal contact pad processes. Our study shows that the well-crystallized ZnO NW 

arrays with fewer defects and a ZnO/GaN heterojunction lead to ultra-fast photoresponse and 

recovery times. 

 

2. EXPERIMENTAL  

 

Synthesis of the ZnO NW arrays was carried out by chemical vapor transport method 

deposition using a simple hor- izontal tube furnace. A gold catalyst layer with nominal 

thickness of 3–5 nm was firstly deposited on the c-plane GaN/sapphire substrate. The 

feedstock source materials consisting of a mixture (1:1 by weight) of ZnO and graphite 

powders were loaded in a quartz boat at the center of the furnace. Flows of 1 sccm oxygen 

(purity 99.999 %) and 49 sccm argon (purity 99.999 %) were used as the precursor and carrier 

gases, respectively. The chamber was heated to 950 ◦C at a rate of 50 ◦C/min. The whole 

process was held for 30 min under a constant pressure. Afterwards, the fur- nace was turned 

off and cooled to room temperature while maintaining the vacuum unchanged. 

After growth, the morphology features of as-deposited products were characterized by 

means of a Sirion 200 field emission scanning electron microscope (FESEM). Raman 

spectroscopy was employed on a Jobin-Yvon HR800 microspectrometer in backscattering 

geometry to investigate the lattice vibrational properties of the ZnO NW arrays, with excitation 

source an argon-ion laser (λ 515 nm). A photoluminescence (PL) measurement was 

implemented on a LabRam HR UV spectrometer using a 20-mW He–Cd laser (λ 325 nm). 

UV photoresponse measurement was carried out between two ITO electrodes at a fixed bias 

volt- age of 5 V by switching the light from a portable UV lamp (λ 365 nm, 0.3 mW/cm2) 

‘on’ and ‘off’. The distance be- tween the sample and the UV lamp were fixed. All of the 

measurements were carried out at room temperature in ambient condition.  

 

3. RESULTS AND DISCUSSION 

 

While keeping all other growth parameters unchanged, including the powder source 

temperature, the substrate position, the carrier gas flow and the system geometry, the re- 

actor pressure changed and resulted in very different yield and morphology of ZnO 

nanostructures [19, 20]. The as- grown ZnO nanostructures exhibit a pearly blue color, 

covering the entire surface. The FESEM images in Fig. 1 exhibit the general morphologies 

of four samples grown un- der constant oxygen volume percentage (2 %) but variable 

chamber pressure. In sample 1 (S1) under the lower pressure of 100 Pa, the ZnO NWs were 

less well aligned. As the chamber pressure increases to 500, 1000 and 2500 Pa, ZnO NWs 

(samples S2, S3 and S4, respectively) were all vertically aligned well with respect to the 

substrate, having a fairly uniform length and distribution density. The aver- age diameters of 

the resulting ZnO nanowires were about 39, 75, 98 and 153 nm, respectively. Furthermore, 

the statistical distribution of the nanowires’ diameter was investigated. When the pressure 

increases, the standard deviation of the nanowires’ diameter increases, from 9.89, 13.8, 13.9 

to 26.2 nm, respectively. However, by further increasing the system pressure to 3500 Pa, 

only random networks of nanowires were found instead of vertically aligned arrays. Above 

all, our experiment demonstrated that the chamber pressure is a very important factor which 
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has an effect on the growth, size and morphology of ZnO NW arrays. Only un- der a suitable 

range of stable pressure (500–2500 Pa) could a large area of uniform, vertically well-aligned 

ZnO NW ar- rays be synthesized using a catalyst-assisted hetero-epitaxial carbothermal 

reduction approach on a GaN substrate. 

 

 

 

 

Figure 1 Typical FESEM images of ZnO NW arrays grown on GaN substrates at various 

chamber pressures. 

 

It is worth mentioning that the optical properties of well- ordered ZnO NW arrays are further 

studied by the visible Raman spectrum, as shown in Fig. 2. Apart from the pho- ton modes 

of the underling sapphire and GaN template, here the remarkable, intrinsic E2H mode of ZnO 

NW ar- rays has many features. The E2H mode peak, assigned to oxygen atom vibration 

motion in samples S1–S4, is found at 438.5 0.5  cm−1   with  a  small  FWHM  range  of  

6.5–7.6 cm−1. These mean that there is almost no stress in our 1D ZnO arrays [22]. A much-

suppressed peak at 332.7 cm−1 is attributed to the second-order nonpolar Raman processes 

(E2H–E2L), assigned as E2(M) in Fig. 2, which could be found only when ZnO is single 

crystalline. Hence, the pres- ence of a dominant narrow E2H mode and a much sup- pressed 

E2(M) mode in all cases confirmed the wurtzite hexagonal phase and very good crystal quality 

in the as- grown ZnO NW arrays. 
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Figure 2 The Raman spectra observed from ZnO NW samples S1–S4 under 514.5-nm laser 

light excitation. 

 

 

 

 

Figure 3 (a) I–V curves of the integrated sensor of ZnO NW arrays with and without UV 

illumination. Inset is the schematic of the fabricated NW photodetector. 

(b) Photoresponse of the NW UV sensor under a bias voltage of 5 V, 365-nm UV 

irradiation of 0.3 mW/cm2 . 

(c) Experimental (black line) and tri-exponential fitting (red line) curves of the 

photocurrent increase process. (d) Recovery current (black line) and the 

bi-exponential fitting (red line) curve of the UV sensor. 

The structure schematic of the ZnO NW photodetector is shown in the inset of Fig. 3a. A ditch 

with width of 0.1 mm was firstly formed to separate two ITO electrodes. Then, the fabricated 

sample was reversed and placed on the prepared ITO/glass substrate. The tips of the ZnO NWs 
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are put in di- rect contact with the ITO/glass substrate to form the ZnO NW array device 

structure. This method needs neither de- positing any material on the NW tips to form contact 

elec- trodes nor passivating the surface of the ZnO NWs. Finally, polydimethylsiloxane 

(PDMS) was adopted to package the device. The UV response of our devices was characterized 

by a portable UV lamp at room temperature in ambient con- dition. The current–voltage 

characteristics of the photode- tector fabricated from sample S3 under dark and UV illumi- 

nation (365 nm, 0.3 mW/cm2) are shown in Fig. 3a. The I–V curve was measured with bias 

from 5 to 5 V at room temperature in ambient condition. Clear rectifying behavior can nation. 

This phenomenon could be related to the large area and approximate ohmic contact between 

NW arrays and ITO electrodes. 

At an interval of 10 s and a bias of 5 V, the photodetector can reversibly be turned ‘on’ and 

‘off’ by switching the UV illumination, respectively, as shown in Fig. 3b. The on– off ratio is 

about 3.9. In Fig. 3c, the photocurrent initially grew very fast by two steps and then slowly 

increased and saturated at last. The photoresponse of the fabricated device shows a tri-

exponential growth. The time-dependent growth behavior of the photoresponse curve is fitted 

with the equation As shown in Fig. 3d, after the UV light was turned off, the decay process 

was fast initially and then became slower. The decay time behavior follows a bi-exponential 

decay function. The UV response and recovery of ZnO NW are known to be generally 

governed by water molecules and ionized 

 

 

 
 

 

Figure 4 A schematic of photoresponse mechanism of the ZnO array photodetector. The 

electron transfer in the device at (a) dark condition and (b) during UV illumination, 

respectively. (c) Band diagram and transition process responsible for the hole–electron 

recombination at the ZnO/GaN heterojunction barriers 

 

oxygen adsorption and desorption at the surface defect sites [23]. In the present case, as the 

ZnO NW arrays were grown at relatively high temperature, the influence of water molecules 

on the photoresponse was eliminated [16]. Oxy- gen is believed to play a critical role in the 

observed photore- sponse. A schematic of the photoresponse mechanism of the ZnO NW array 

photodetector is shown in Fig. 4. In ambient conditions, oxygen molecules would adsorb on 

the NW. The density of electron–hole pairs in the ZnO NW and GaN thin film (band gap 3.4 

eV) increases significantly when illuminated with 365-nm UV light. As the GaN thin film was 

covered by ZnO NW arrays, the density of absorbed oxygen molecules on the surface of GaN 

is rarely low. The holes in the GaN thin film excited by UV light would move to the ZnO NW 

surface across the ZnO/GaN heterojunction, then take part in the oxidization of the ionized 
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oxygen and release one oxygen gas molecule by an electron–hole recombination process, 

which is shown in Fig. 4b. This process may be the first part of tri-exponential growth with 

time constant τr1 0.148 s in the photocurrent increase curve. The second part of the tri-

exponential photocurrent growth can explain by the process of the photon-generated holes in 

ZnO NWs, which will react with ionized oxygen at the surface. The well-crystallized ZnO NW 

arrays with fewer defects could increase the moving rate of holes, corresponding to a fast 

growth time constant τr2 0.064 s. However, the photocurrent cannot increase unlimitedly and 

will be balanced by the re-adsorption of oxygen molecules on the ZnO NW surface [24], 

leading to the photocurrent reaching the saturation value with a slow time constant τr3 0.613 s, 

as shown in the third part of the tri-exponential growth. 

As the UV light turns off, the photocurrent shows an ultra-fast decay and then a very low decay. 

The ZnO/GaN interface shows type II band alignment, where both the valence-band (VB) top 

and the conduction-band (CB) bot- tom of n-type ZnO are located below those of i-GaN as 

shown in Fig. 4c. Therefore, during UV illumination, some holes from the GaN thin film are 

kept at the ZnO/GaN heterojunction for a junction barrier, instead of recombining with the 

electrons present in the ionized oxygen. As a result, these holes are available for recombination 

with the exciton-related free electrons at the heterojunction interface. During photocurrent 

decay, the ZnO/GaN heterojunction related electron–hole recombination dominates, which 

corresponds to the ultra-fast decay process in the photocurrent recovery with the time constant 

τd1 30 ms. Since the ad- sorption process of oxygen molecules is slower than the desorption 

process of photogenerated holes, the current decays and reaches the lowest value with a very 

slow process with 

the time constant τd2 = 270 ms. 

 

4. CONCLUSIONS 

 

In summary, well-crystallized ZnO NW arrays were grown on GaN/sapphire by one-step 

chemical vapor deposition un- der control of the fabrication pressure of 1000–2500 Pa and the 

best-aligned arrays were obtained at 1000 Pa. A photo- luminescence study shows a red shift 

with nanowire diameter increase. Under 365-nm UV irradiation of 0.3 mW/cm2, the 

photoresponse study of the best ZnO NW arrays shows an ultra-fast tri-exponential growth 

with three constants of 0.148, 0.064 and 0.613 s, and a bi-exponential decay behavior with two 

recovery constants of 30 and 270 ms. The ZnO/GaN heterojunction barriers could be 

responsible for the ultra-fast tri-exponential growth and bi-exponential decay behavior. 
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In this paper, we report an alternate technique for the deposition of nanostructured TiO2 thin 

films using the electrohydrodynamic atomization (EHDA) technique us- ing 

polyvinylpyrrolidone (PVP) as a stabilizer. The required parameters for achieving uniform 

TiO2 films using EHDA are also discussed in detail. X-ray diffraction results con- firm that 

the TiO2 films were oriented in the anatase phase. Scanning electron microscope studies 

revealed the uniform deposition of the TiO2. The purity of the films is charac- terized by using 

Fourier transform infrared (FTIR) spec- troscopy and X-ray photoelectron spectroscopy 

(XPS), con- firming the presence of Ti–O bonding in the films without any organic residue. 

The optical properties of the TiO2 films were measured by UV-visible spectroscopy, which 

shows that the transparency of the films is nearly 85% in the visi- ble region. The current–

voltage (I –V ) curve of the TiO2 thin films shows a nearly linear behavior with 45 mQ cm of 

elec- trical resistivity. These results suggest that TiO2 thin films deposited via the EHDA 

method possess promising applications in optoelectronic devices. 

 

 

Keywords: TiO2; Analysis; Optical.  

 

1.  INTRODUCTION 

 

The unique and intriguing properties of nanostructured thin films have prompted tremendous 

motivation among re- searchers to explore the possibilities of using them in tech- nological 

applications. In particular, the optical and elec- tronic properties of nanostructured thin films 

have been   of very high interest due to their potential applications in the fabrication of 

microelectronic and optoelectronic de- vices [1, 2]. The performance of the thin films for 

device applications is highly influenced by the crystallite size, mor- phology, phase and 

impurity type concentration [3]. There is always an increasing demand for new technology 

for the fabrication of nanostructured thin films for functional de- vices in order to control the 

phase purity, the morphology and the surface properties at the nanoscale, which is of great 

interest to deliver distinctive properties. In this regard, many studies have been recently 

https://www.sciencedirect.com/science/article/abs/pii/S1440244004800070#!
mailto:Torm@uq.edu.au
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carried out to produce surfaces and films by tailoring the nanostructure. 

Nanostructured thin films of titanium dioxide (TiO2) have been regarded as the subject of a 

great deal of research due to its exceptional chemical, electrical and optical properties and 

its potential applications in diverse fields such as (i) optoelectronics, (ii) photocatalysis, 

(iii) solar cells, rial activity etc. [4–6]. Generally, TiO2 nanostructured films exist in two 

phases, viz. (a) anatase and (b) rutile. Depending of the phase structure of TiO2, it can be 

employed for diverging applications. The TiO2 in anatase phase could accomplish the 

degradation of organic pollutants and be used in photovoltaic devices [7, 8]. The rutile TiO2, 

being a bio- compatible material for blood, can be used as artificial heart valves [9]. The 

fabrication of nanostructured TiO2 thin films has been achieved by several methods such as 

sol–gel, dip and spin coating, chemical vapor deposition (CVD), sputtering, pulsed laser 

deposition etc. [10–12]. In the case of sol–gel and dip coating, controlling the morphology 

and thickness of the film is one of the biggest challenges un-  til now [13, 14]. Other methods 

such as physical vapor de- position (PVD) and CVD are capable of producing highly 

transparent films but they are expensive and also need high- vacuum systems [15]. 

The development of new cost-effective techniques and methods for fabrication of thin-film 

devices with high pu- rity and large-area transparent films has attracted many re- searchers 

recently. With this motivation, we employed the electrohydrodynamic atomization (EHDA) 

technique for the fabrication of nanostructured TiO2 thin films. EHDA is one of the innovative 

techniques to produce thin films at a high deposition rate and moreover it is cost effective 

[16]. EHDA works on the principle of applying electrical and mechanical energy to a liquid 

jet containing the precursor and allowing that to disintegrate into small nanosized droplets 

which de- posit on a substrate [17, 18]. 

The electrospray deposition of TiO2 thin films  has  been reported in the literature by 

Mahalingam and Ediris- inghe [19] and the present study can be called an improve- ment of 

the study carried out by Mahalingam and Ediris- inghe. In their study, a higher voltage, 4.5 

kV, was utilized for the electrospray deposition while in the present study the electrospray 

deposition has been carried out at almost half of the voltage requirements. Also, their Field 

Emis- sion Scanning Electron Microscope (FE-SEM) analysis  revealed that the morphology 

of as-deposited films was ho- mogeneous and particle size was ∼1 µm, while in this paper the 

morphology of as-deposited TiO2 thin films has been reported where particle size of <80 nm 

was achieved by using polyvinylpyrrolidone (PVP) as a stabilizer and 40 5 nm was achieved 

at an annealing temperature of 450°C with very good film morphology. Furthermore, a 

comparable transmittance in the visible region has been achieved at 450°C. Some more 

characterizations are discussed in this study where Fourier transform infrared (FTIR) 

spectroscopy and X-ray photoelectron spectroscopy (XPS) analyses of the deposited films 

have been carried out to complete the functional group and chemical and electronic states of 

the TiO2 and electrical characterization has been done to check the applicability of electro 

hydrodynamically deposited TiO2 films as functional material in optoelectronic and 

microelectronic applications. 

 

 

 



107 

Exp. Theo. NANOTECHNOLOGY 3 (2019) 105-115                               

2. MATERIALS AND METHODS 

2.1 Preparation of precursor solution 

 

Titanium (IV) isopropoxide (Ti(OCH(CH3)2)4) and poly- vinylpyrrolidone (PVP) were 

purchased from Sigma-Aldrich and ethanol from Dang Chemicals. All chemicals were used 

in this experiment without further purification. The prepa- ration of precursor solution for the 

fabrication of TiO2 thin films using EHDA is given as follows: 0.4 g of PVP was dissolved 

in 25 ml of ethanol solution and vigorously stirred for 15 min at 500 rpm. Then, 4 ml of 

titanium (IV) iso- propoxide was introduced into that solution and stirring was continued for 

1 h at 1000 rpm. Finally, a stable solution of precursor sol was achieved and used for further 

experiments and characterization. 

 

a. Working of EHDA 

 

The block diagram of the EHDA is represented in Fig. 1a and a photograph of the EHDA 

setup used in the experiment is shown in Fig. 1b. The precursor solution for the prepara- tion 

of TiO2 was filled in the syringe (Hamilton, model 1001 GASTIGHT syringe), which was 

driven by a syringe pump (Harvard Apparatus, PHD 2000 Infusion). The syringe was 

connected to the capillary nozzle holder via a Teflon tube. A stainless-steel nozzle 

(NanoNC) with an internal diameter of 430 µm and an external diameter of 610 µm was fixed 

at the bottom of a nozzle holder. A high potential was ap- plied between the nozzle and the 

copper plate (ground) uing a high-voltage DC power source (NanoNC, 30 kV) and the 

substrate (glass) was mounted on the copper plate. The movement of the substrate and nozzle 

holder could be con- trolled via the x-, z-axis stage and the y-axis stage, respectively. The 

whole experimental process was monitored by using a CCD camera (MotionPro X) which 

was interfaced with a high-performance PC. 
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Figure1 (a) Electrohydrodynamic atomization (EHDA) block diagram.(b) 

Electrohydrodynamic atomization setup 

 

 

b. Preparation of TiO2thin films using EHDA 

 

The TiO2 thin film was prepared on a Corning glass 7059 substrate through EHDA at room 

conditions with a substrate speed of 0.30 mm/s. The distance between the capillary and the 

substrate (standoff distance) was 6 mm. Before the de- position process, the glass substrate 

was sonicated with ace- tone and ethanol, rinsed with deionized water and then ir- radiated 

under UV light in a UV cleaner for 20 min and subjected to plasma treatment to convert the 

nature of the surface of the glass to be hydrophilic. The deposited films were annealed at 

450°C for 2 h before the characterization process. 

 

 

c. Characterization techniques 

 

The electrical conductivity of the precursor solution was measured by a conductivity meter 

(EUTECH Instruments, ECOSCAN CON 6). The surface tension of the precursor sol was 
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measured by a surface tension meter (SEO-Phoenix). The viscosity of the sol was measured 

by a viscometer (ARES, TA Instruments, USA). The crystallinity and phase purity of the 

prepared TiO2 thin films were analyzed us- ing an X-ray diffractometer (Rikagu D/MAX 

2200H, Bede model 200).  

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of precursor sol 

 

In this work, the precursor sol was prepared using titanium isopropoxide in ethanol with PVP 

as a stabilizer. The addi- tion of PVP is to improve the uniformity of the deposited thin films. 

The physical properties of the precursor were an important predetermining factor for the 

atomization process. The surface tension, electrical conductivity and viscosity of the 

precursor were measured as 28 mN/m, 4.9 µS/cm and 

1.40 mPa s, respectively. 

 

3.2 Taylor cone and spray formation 

 

The EHDA experiment usually starts from a minimum flow rate and continues to a maximum 

flow rate (50 to 450 µl/h in this case) with various voltages in order to obtain different 

atomization modes such as dripping, microdripping, pulsating cone jet, stable cone jet and 

multi-jet. This process is used to optimize the flow rate and applied voltage for the stable 

cone-jet mode of spray. The possible operating envelope is shown in Fig. 2a. Figure 2b shows 

the different modes of atomization captured by a high-speed CCD cam- era with a constant 

flow rate of 200 µl/h at different voltages. The dripping and microdripping modes appeared 

from zero voltage until to 2.1 kV, while the spindle mode started appearing at 2.1 kV. The 

pulsating cone jet appeared at 2.5 kV. The stable cone jet formed at 2.7 kV and it remained 

until the multi-jet formed at 3.2 kV. Increasing the applied voltage after 3.2 kV led to jet 

discharge. A flow rate of 200 µl/h was used throughout the experiment. If the flow rate had 

been too small, the cone jet would not have remained stable for a long period of time. 

According to the classical electrohydrodynamic atomization of the stable cone jet mode, the 

electrical relaxation time, Te, must be very much smaller than the hydrodynamic time, Th [20]. 

It is established by the inequality diffraction intensity was recorded in the 2θ range 20– 70° 

with a step of 0.02°. The TiO2 film was investigated by a FTIR analyzer (Bruker IFS 66/S, 

Germany) for analysis of functional groups present in the film. The surface morphology and 

the structure of deposited films were investigated by a field emission scanning electron 

microscope (JEOL, JEM 1200EX II). X-ray photoelectron spectroscopy (XPS) measurements 

were carried out using an ESCA 2000 VG Mi-crotech system. The transparency of the films 

was recorded by a UV/vis/NIR spectrometer (Shimadzu UV-3150) with a range of 200–700 

nm. The I –V characteristics of the TiO2 thin films were measured by a semiconductor device 

(B1500A, Agilent, USA) parameter analyzer. 
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Fig. 2 (a) Operating envelope of precursor sol. (b) Modes of atomization. 

 

 

3.3 XRD analysis of TiO2 thin films 

 

The XRD patterns of TiO2 thin films annealed at 450°C are presented in Fig. 3. The presence 

of peaks revealed the formation of nanocrystalline TiO2 film. It showed Bragg reflection at 2θ 

values of 25.4°, 37.6°, 48°, 53.6°, 54.9°, 62.7°, 68.6°, 69.8°and 75°, indicating the 

characteristic peak of tetragonal crystal planes of anatase phase TiO2 [21], suggesting the 

high quality of the TiO2 thin films. No peak corresponding to the rutile phase of TiO2 was 

seen in the diffractogram, suggesting clearly that only anatase phase has been formed. 

Moreover, the average crystallite size was estimated by using the Debye–Scherrer (DS) 

equation [22]. 

 

 

3.4 Surface morphology using scanning electron microscope 

 

The surface morphology of the TiO2 thin films was mea- sured by using scanning electron 

microscopy (SEM). As shown in Fig. 4a and b, the SEM image reveals that the as- deposited 

TiO2 thin film was very homogeneous with much less agglomeration of particles due to using 

PVP, which leads to the prevention of the particle agglomeration. Fig- ure 4c and d show the 

uniform morphology of the annealed TiO2 thin film. The grain size was measured as 40 5 

nm with spherical morphology as shown. The grain size from the SEM studies is in accord 
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with the XRD results shown in the previous subsection. At 450°C deposited particle 

rearrangement takes place and the film becomes well crystalline in nature. The main 

advantage of EHDA lies in the fact that the deposition pro- cess is very simple and is carried 

out at room temperature. Accomplishment of the presented results at room conditions and 

open environment is an achievement. 

 

3.5 FTIR analysis 

 

The FTIR spectra of TiO2 thin films (as-deposited and annealed at 450°C) are shown in Fig. 

5a and b. The spectra of the as-deposited film shows the presence of Ti–O stretching around 

500 to 800 cm−1 [23]. It also shows the peaks cor- responding to the organic components 

present in the PVP stabilizer in the region 1000 cm−1 to 1400 cm−1 corre- sponding to the 

pyridine ring (C4H8N–) in the PVP [24]. 

It also exhibited the peak corresponding to hydroxyl groups (O–H stretching) or water 

content in the region 1620 and 3500 cm−1 [25]. After annealing the thin film at 450°C for 

h, the Ti–O peak becomes narrowed in the region 450 to 600 cm−1  which is due to the 

transformation of Ti(OH)2 into TiO2 [26]. Here the presence of organic residues due to the 

stabilizer PVP in the as-deposited film is removed com- pletely in the spectra of the films 

annealed at 450°C. 

 

 
 

Figure 4 SEM observation of TiO2 thin films: (a), (b) as-deposited and (c), (d) annealed at 

450°C. 
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Figure 5 FTIR spectra of TiO2 thin films: (a) as-deposited and (b) annealed at 450°C. 

 

 

 

 

 
 

Figure 6 XPS spectra of TiO2 thin films deposited using EHDA. 

 

3.6 X-ray photoelectron spectroscopy (XPS) analysis 

 

The X-ray photoelectron spectrum of the TiO2 thin films deposited by the EHDA technique 

is shown in Fig. 6a showing the presence of Ti2p and O1s [27]. The decon- voluted spectrum 

of Ti2p (as shown in Fig. 6b) exhibited the characteristic peaks of Ti2p3/2 and Ti2p1/2 with 

the cor- responding binding energies Eb(Ti2p1/2) = 464.05 eV and Eb(Ti2p3/2) 458.4 eV, 
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respectively. In the case of oxygen, the high-resolution spectrum of O1s had a peak in 529.5 

eV that corresponds to the TiO2 binding energy, as shown in Fig. 6c. No characteristic peaks 

of any impurities were detected in the XPS analysis, suggesting that high-quality TiO2 thin 

films were obtained. 

 

 
 

Fig. 7 UV-vis spectra of TiO2 thin films showing the absorbance and transmittance curves 

 

3.7 Optical properties 

  

The optical properties of the TiO2 thin films annealed at 450°C were characterized by UV-vis 

spectroscopy as shown in Fig. 7. The transmittance spectrum of the TiO2 film showed that it 

has 85% transmittance in the visible region. The op- tical band gap energy from the UV-vis 

spectra can be esti- mated by using the following equation [28].   

The band gap was estimated from a plot of (αhν)1/2 versus photon energy (αhν). The intercept 

of the tangent to the plot gave a good approximation to the band gap energy for this indirect 

band gap material. Figure 8 shows the optical band gap calculation scheme of the deposited 

film: it was found as 3.45 eV and the absorption edge was red shifted.   

The aver- age value of the band gap of the bulk anatase is 3.2 eV [29]. The band gap widening 

in the TiO2 films is mainly attributed to the contribution of crystallite size effects [30, 31]. 

 

3.8 Electrical characterization 

 

Figure 9 shows the current–voltage (I –V) measurement characteristic of TiO2 thin films. The 

electrodes were made by silver (Ag) using silver ink (NPK Ink Ltd.) deposited by the EHDA 

method [32].  

 

 

4. CONCLUSIONS 

 

In conclusion, nanostructured TiO2 thin films on glass substrates were prepared using the 

EHDA technique. The pro- cess parameters of the EHDA spray for the achievement of uniform 

films were discussed. The XRD results indicated that TiO2 films were oriented in the anatase 

phase. SEM studies revealed the uniform morphology of TiO2 thin films due to the influence 
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of PVP as a stabilizer. The FTIR and XPS results confirmed that the TiO2 was present in the 

films without any organic residue, suggesting the high pu- rity of the method. The EHDA-

deposited TiO2 films exhib- ited more than 85% transparency and the optical band gap of the 

TiO2 films was found to be 3.45 eV. The band gap widening in the TiO2 films is mainly 

attributed to the con- tribution of crystallite size effects. The I –V characteristic of the deposited 

films shows good ohmic behavior with a sheet resistance of 45 mQ cm. Our key findings in this 

work can provide new positive features in the utilization of EHDA techniques for future device 

applications. 
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