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Abstract

:

Undoped ZnO and group III (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration level are dip-coated on glass substrates using a sol-gel technique. The optical properties of the as-prepared thin films are investigated using UV–Vis spectrophotometer measurements. Transmittance of all investigated thin films is found to attain high values of ≥80% in the visible region. We found that the index of refraction of undoped ZnO films exhibits values ranging between 1.6 and 2.2 and approximately match that of bulk ZnO. Furthermore, we measure and interpret nonlinear optical parameters and the electrical and optical conductivities of the investigated thin films to obtain a deeper insight from fundamental and practical points of view. In addition, the structural properties of all studied thin film samples are investigated using the XRD technique. In particular, undoped ZnO thin film is found to exhibit a hexagonal structure. Due to the large difference in size of boron and indium compared with that of zinc, doping ZnO thin films with these two elements is expected to cause a phase transition. However, Al-doped ZnO and Ga-doped ZnO thin films preserve the hexagonal phase. Moreover, as boron and indium are introduced in ZnO thin films, the grain size increases. On the other hand, grain size is found to decrease upon doping ZnO with aluminum and gallium. The drastic enhancement of optical properties of annealed dip-synthesized undoped ZnO thin films upon doping with group III metals paves the way to tune these properties in a skillful manner, in order to be used as key candidate materials in the fabrication of modern optoelectronic devices.
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1. Introduction


In the past two decades, the synthesis, design, and characterization of III-V and II-VI semiconductors have fascinated several research groups around the globe. II-oxides have gained a lot of thrust. In particular, ZnO is considered to be a very important semiconductor material due to its fundamental and physical properties. It has been reported and implemented as a key candidate material for potential applications in optoelectronic devices, photovoltaic devices, gas sensors, light emitting diodes, and pharmaceutical applications [1,2,3,4,5]. ZnO has been the focal point of much recent research because it possesses certain characteristics that make it a very interesting material from both fundamental and practical points of view. The n-type ZnO semiconductor exhibits several interesting features, such as its room temperature direct wide band-gap of 3.37 eV, which enables it to be used for a wide range of optical applications [6]. Additionally, it is unusual for ZnO to have an exciton binding energy of 60 meV. This large value is very interesting, as it is useful for the development of many optoelectronic devices. Specifically, in the photoluminescent spectrum of ZnO, very sharp emission peaks are observed, due to excitonic radiative recombination processes. These types of emissions have many possible applications, such as UV excitonic lasers, tunable UV photodetectors, and light emitting diodes. Furthermore, other excitonic peaks observed can be distinguished depending on their emission energy. Therefore, it is possible to observe and differentiate free excitons from bound excitons, as well as bulk exitonic processes from surface excitonic processes [7]. Interestingly, ZnO has been found to exhibit high room temperature carrier mobility (200 cm2 V−1 s−1 for single crystals) and found to be thermally very stable [8]. It has been reported that ZnO demonstrates fairly good pyro-electricity and piezoelectricity features [9]. Moreover, ZnO has good transparency in the visible range spectrum and large electrical conductivity [10,11].



ZnO thin films are conventionally doped and co-doped with a number of proper dopants to improve their optical and electrical properties [12]. In principle, we investigate the optical and structural properties of sol-gel dip-synthesized group III (B, Al, Ga, and In)-doped ZnO thin films in this current work. The structural, transport, and optical properties of B-doped ZnO, Al-doped ZnO, Ga-doped ZnO, and In-doped ZnO thin films are found to exhibit different properties than un-doped ZnO thin films [8,12,13,14,15,16,17,18,19,20]. Deposition of undoped ZnO and group III (B, Al, Ga, and In)-doped ZnO thin films can be achieved by using techniques such chemical vapor deposition [2,21], magnetron sputtering [15,22], pulse laser deposition [23], electrochemical deposition [24], and the sol-gel method [14,25].



Undoped ZnO and group III (B, Al, Ga, and In)-doped ZnO thin films at a doping concentration level of 3% are deposited on a glass substrate by employing the sol-gel dip-coating technique. The effect of introducing four elements from group III onto the structural and optical properties of ZnO thin films is investigated, analyzed, and interpreted. The X-ray diffraction (XRD) technique is used to investigate the structure of ZnO thin films. The optical response of thin films is characterized by measuring the transmittance and reflectance using a double beam UV-Vis pectrophotometer (model U-3900H).




2. Experimental Procedure


2.1. Preparation of Undoped ZnO Solution


The procedure to prepare the sol-gel solution of ZnO is as follows: We start by dissolving 4.38 g of zinc acetate dihydrated (Zn(CH3CO2)2 2H2O, purity of 99.5%) in 50 mL absolute ethanol (purity of 99.85%) at room temperature, using a magnetic stirrer operating at a rate of 600 revolutions per minute for 50 min. Consecutively, 1.7 mL of mono-ethanolamine stabilizer is added dropwise to the gel solution while maintaining continuous stirring of the mixture until it acquired high transparency. The resulting mixture was additionally stirred for 40 min to ensure that a homogeneous transparent solution is obtained. Finally, the mixture is filtrated by using the standard 0.45 μm filter paper [26,27].




2.2. Preparation of Group III Elements-Doped ZnO Solutions


The synthesized doped ZnO solutions, mainly, B-doped ZnO, Al-doped ZnO, Ga-doped ZnO, and In-doped ZnO solutions, are obtained from the well-prepared ZnO solution by implementing the sol-gel technique. The boric acid (H3BO3), aluminum nitrate (Al (NO3)3 9H2O), gallium nitrate (Ga (NO3)2), and indium chloride (InCl3) are added in a 3% ratio to the ZnO solution. The miscellaneous highly transparent solution for each of the doped systems is obtained by magnetically stirring it for 30–40 min at a specific temperature. Finally, the resulting solution is filtrated by 0.45 μm filter paper [27,28,29]. This procedure is followed strictly to ensure the creation of solutions that can maintain a high degree of transparency.




2.3. Preparation of Undoped ZnO and Group III Elements-ZnO Thin Films


Having prepared the solution with the desired properties, the substrate is then dipped in the solution for 2 h using the dip-coating technique. Using this technique, it is possible to get thin films of an average thickness of 500 nm. The resulting films are then dried in oven for 15 min at 120 °C to evaporate the solvent and the contaminated organic residues. In order to obtain un-doped ZnO and group III (B, Al, Ga, and In)-doped ZnO thin films with the best possible crystalline structure, all films are annealed in air at 500 °C for 2 h [26,27].




2.4. Characterization of Undoped ZnO and Group III Elements-ZnO Thin Films


Material characterization and device performance modeling are typically investigated by analytical expressions for the optical functions of semiconductors and dielectric thin films [30]. Experimentally, a double-beam UV-Vis spectrophotometer (U-3900H, LABINDIA, Mumbai, India) in the wavelength range of 250−700 nm is used to investigate the optical properties of thin films by measuring the transmittance and the reflectance. Real and imaginary parts of the dielectric functions (   ε  1     and    ε 2   ) or the complex refractive index ( n  and  k ), absorption coefficient ( α ), and optical band gap energy can be calculated using transmittance and reflectance spectra and by the determination of film thickness [31,32,33,34].



Powder X-ray diffraction experiments were performed using X-Ray diffraction (Rigaku Ultima IV) at Jordan University of Science and Technology, Pharmaceutical Research Center. The thicknesses of the undoped ZnO and group III elements-ZnO thin films on glass are determined using scanning electron microscopy (SEM, Quanta FEG 450) at Jordan University of Science and Technology, Nanotechnology Institute. The films’ thickness is estimated to be 500 nm on average. Thin film surfaces morphology and dispensability are investigated using scanning electron microscopy (SEM, Quanta FEG 450) at Jordan University of Science and Technology, Nanotechnology Institute.





3. Results and Discussion


3.1. UV-Vis Spectroscopy


The optical properties of undoped ZnO and group III (B, Al, Ga, and In)-doped ZnO thin films at 3% doping level are explored by measuring and analyzing the transmittance   T %  ( λ )    and reflectance   R %  ( λ )    spectra in the spectral range of 250−800 nm to obtain a deeper insight into the optoelectronic nature and potential applications of the films [35]. It is worth mentioning that several factors may affect the optical properties, such as the preparation technique, synthesis conditions, surface morphology, dopants, and interaction of films with the surrounding environment [36]. Figure 1a shows the transmittance of thin film samples investigated in this work. The figure indicates that all fabricated films are transparent in the visible range (  T % > 70 %  ). The wavelengths at which absorption edges of Al-doped ZnO and Ga-doped ZnO occur are smaller than the wavelength at which absorption edge of undoped ZnO takes place. On the other hand, absorption edges of B-doped ZnO and In-doped ZnO are located at wavelengths greater than that of the absorption edge of un-doped ZnO thin films. It can be clearly seen that transmittance beyond the absorption edge of un-doped ZnO has values ranging between 80% and 90%. B-doped ZnO, Al-doped ZnO, and Ga-doped ZnO thin films are found to have transmittance values close to that of undoped ZnO, which is in agreement with our previous published work on B-doped ZnO thin films [27]. The measured transmittance of Al-doped ZnO thin films is in good agreement with the findings reported in [16,20]. The obtained transmittance of Ga-doped ZnO thin films is consistent with previously reported findings [18,37]. The transmittance   T %  ( λ )    of In-doped ZnO thin films is found to decrease to 70–80%, very close to the values reported by similar previous studies [8,19,38]. Inspecting Figure 1a carefully shows that transmittance of undoped ZnO and group III elements (B, Al, Ga and In)-doped ZnO thin films demonstrate a continuous decrease in transmittance as the photon energy striking the samples increases. This decrease can be interpreted in terms of the enhancement of the charge carriers in a relatively weak crystal structure when energetic photons are occurring [39]. Thus, transmittance values could provide a way to unveil the details of thin film structure.



Optical absorption studies provide details of the electronic states in the high energy part of the optical absorption spectrum and the atomic vibrations in the low energy part of the spectrum. The information obtained from optical spectra can be directly correlated to determine band gap energy Eg and to explain the band structure of semiconductors and non-metallic materials [40,41,42]. The Tauc model is used to extrapolate Eg of thin films. A Tauc plot is obtained by plotting the photon’s incident energy (  h υ  ) in eV against      (  α h υ  )   2      of the direct transition of ZnO thin films, where  α  is the absorption coefficient given by   α =  (  1 / d  )    l n  (  1 / T  )    and  d  is the film thickness (  d = 500   nm  ). Figure 2b shows the Tauc plot of undoped ZnO and group III (B, Al, Ga, and In)-doped ZnO thin films. The Eg values are measured by extrapolating the linear part of the relationship to the incident photon energy at which Eg equals the incident photon energy (hυ). The Eg of undoped ZnO is found to be 3.270 eV, which is in excellent agreement with previous studies [27,29]. The Eg of the B-doped ZnO thin film is found to decrease to 3.161 eV, which is consistent with previous works [27,29]. A further decrease of Eg to 3.093 eV takes place as gallium is introduced into ZnO thin films in good agreement with [37]. On the other hand, the Eg of the In-doped ZnO thin film is found to increase to 3.314 eV, a value that agrees well with the findings of [8], and to 3.369 eV when aluminum is introduced into the ZnO thin films, which is in excellent agreement with reported values of [16,17]. The fluctuations in the values of Eg of doped ZnO thin films are expected and can be explained in terms of the variations in the values of crystallite sizes as the dopants are introduced in ZnO thin films, as will be demonstrated later by the X-ray diffraction patterns. In addition, the existence of the dopant levels in the band gap allows the transition of electrons from the top of the valance band to the doping energy levels in the band gap and vice versa. The Eg of a thin film is defined traditionally in terms of an effective sub-band gap between the valence band and the conduction band, and therefore it may be drastically influenced by the presence of aggregation and clusters formed by dopant atoms in thin films. In order to investigate sub-band gaps in thin films, we use what is called the Urbach energy, or    E U    method [41,43,44,45,46]. According to this method, near the optical band edge, the relationship between ( α ) and    (  h v  )   , known as the Urbach empirical rule, can be expressed as     α =  α 0  exp  (  h v /  E U   )   , where    α 0    is a constant,    h v    is the incident photon energy, and    E u    is the Urbach energy. By plotting the dependence of   ln  ( α )    versus     h v  , it is possible to determine    E U   . The Eg values and the band tail width are tabulated in Table 1. The positions of the conduction and valence bands of a thin film at a given doping level can be determined if the electron affinity energy and the ionization energy of its constituents are known. For undoped ZnO and group III elements (B, Al, Ga and In)-doped ZnO thin films at 3% doping level, these positions can be calculated as [47,48],


   E g   E  C B   = X −  E e  − 0.5  



(1)




where:


  X =    [   (   X  Z 1    x 1     )  ∗  (   X  Z 2    x 2     )  ∗ …  ]    ( 1 /  (   x 1  +  x 2  + ⋯  )     



(2)




and


   X Z  =  (   1 2   )   (   E  E A  Z  +  E  I o n  Z   )   



(3)




where    E  C B     is the conduction band energy and    E e    is the energy of free electrons of the hydrogen scale equal to   4.5   eV   [47]. The parameter  X  is an energy parameter that depends on the elements used in the thin film.    E  E A  Z    is the electron affinity energy and    E  I o n  Z    is the ionization energy of the  Z  elements. The electron affinity is defined as the energy obtained by moving an electron from the vacuum just outside the semiconductor to the bottom of the conduction band just inside the semiconductor, i.e.,    E  E A   =  E  V B   −  E  C B    . The calculated values of the energy parameter ( X ), the conduction band potential (   E  C B    ), and the positions of both the conduction and the valence bands of undoped ZnO and group III elements (B, Al, Ga and In)-doped ZnO thin films at doping level of 3% are presented in Table 1 and sketched on a schematic energy diagram as shown in Figure 1c. Careful inspection of Figure 1c indicates that the positions of the conduction band minimum (CBM) of B-doped ZnO, Al-doped ZnO, and Ga-doped ZnO thin films are located at −0.175 eV, −0.331 eV, −0.191 eV, and −0.307 eV inside the conduction band, respectively. This means that CBMs of these thin films are shifted toward higher negative energy regions with respect to the CBM of the undoped ZnO thin films located at −0.172 eV. Furthermore, the valence band maximum (VBMs) of B-doped ZnO, Al-doped ZnO and Ga-doped ZnO thin films are found to be located at 2.985 eV, 3.039 eV, 2.899 eV, and 3.003 eV, respectively. This clearly shows that the VBMs of these films are shifted toward less positive energy regions of the valence band with respect to the VBM of the undoped ZnO thin film located at 3.098 eV. This indicates that values of band gap of doped ZnO thin films are largely tuned and engineered by controlling the type of the dopant and the doping level. Figure 1c elucidates the defect bands shaped as transitional states in the band gap of the material. These defect band states generate a sub-band gap spreading from the lower level of the conduction band to deep down in the band gap. Likewise, the defect states very near to the valence band also smudge the valence band edge deep inside the gap. Therefore, on both sides of the VBM and CBM, a sub-band gap is formed. This defect sub-band gap is known as the Urbach tail, and the energy associated with this defect tail is referred to as Urbach energy.



The value of the reflectance is measured by spectrophotometer with a total internal reflectance sphere. Analysis of the reflectance spectra show that they exhibit a reverse behavior to that of the transmittance, as shown in Figure 2a. The values of reflectance of undoped ZnO thin films are found to be in the range of 5–10%, as the wavelength decreases from 700 nm to 350 nm. As can be easily seen from Figure 2a, the reflectance of In-doped ZnO and B-doped ZnO thin films exhibit higher values than that of undoped ZnO in the same spectral range. On the other hand, Al-doped ZnO and Ga-doped ZnO display lower reflectance than that of undoped ZnO. Measuring the complex refractive index  N  is crucial to get a deeper insight into the optical properties of thin films. Thin film applications such as fabrication of any optical devices, e.g., switches, filters, modulation, etc. [35], requires precise measurement of N that can be decomposed into a real part called the index of refraction ( n ) and an imaginary part called the extinction coefficient ( k );   N = n + i k  . The parameter  n  can be calculated as   n =  (  1 + R / 1 − R  )  +    (  4 R /    (  1 − R  )   2   )  −  k 2      [27]. We measure n as a function of the wavelength of incident light as shown in Figure 2b, n of the undoped ZnO thin film is found to exhibit values between 1.5 and 2.0 as the wavelength of incident photon decreases from 700 nm to 350 nm. In addition, Al-doped ZnO and Ga-doped ZnO thin films are found to exhibit values lower than that of undoped ZnO thin films. On the contrary, In-doped ZnO and B-doped ZnO thin films are found to adopt values higher than that of the undoped ZnO thin films. Consequently, optical properties of ZnO thin films can be significantly manipulated by controlling the type of the dopants and the level of doping.



The amount of light energy loss by absorption and scattering in the thin films is fundamentally estimated by measuring the extinction coefficient. The extinction coefficient ( k ) depends on the density of free electrons and the structural defects in the thin films.  k  can be expressed as,   k = α λ / 4 π     [27]. Figure 2c shows the values of  k  as a function of the wavelength of incident light. Clearly, B-doped ZnO, Al-doped ZnO, and Ga-doped ZnO are found to exhibit values very close to that of undoped ZnO thin films. Exceptionally, In-doped ZnO thin film is found to exhibit larger  k  values than that of undoped ZnO thin films.



Next, skin or penetration depth (δ) that denotes the thickness of thin films at which interior optical photon density decays to 1/α of the value at the surface is calculated [35,49]. The parameter δ is related to the absorption coefficient (α) by the relation   δ = 1 / α   [49]. Figure 2d shows  δ  as a function of the incident photon energy (hv) for all thin film samples investigated in this work. It can be easily demonstrated that  δ  of all studied thin films decreases as the photon energy increases. For wavelengths greater than the cutoff wavelength (  λ = 390   nm   or     hv = 3.6   eV  ), the absorption effect vanishes and the amplitude vanishes as light penetrates large distances.




3.2. Dispersion of Refractive Index


Dispersion parameters of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration are calculated using the Wemple–DiDomenico (WDD) single-oscillator model that relates different optical parameters of thin films [50,51],


   n 2  − 1 =    E d   E 0     E 0 2  −  E 2     



(4)




where    E d    denotes the dispersion energy. It is related to the iconicity, anion valency, and coordination number of the material.    E 0    denotes the single oscillator energy and  n  represents the refractive index. The single effective oscillator equation is used for fitting the experimental data due to its easiness in providing an intuitive physical interpretation of the measured quantities [52]. By plotting      (   n 2  − 1  )    − 1     versus      (  h v  )   2   , the dispersion parameters of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration can be evaluated by fitting a straight line. The values of    E 0    and    E d    can then be calculated from the slope      (   E 0   E d   )    − 1     which intercepts on the vertical axis    (   E 0  /  E d   )   . The values of    E d    and    E 0    are presented in Table 2. Clearly,    E 0    of Al-doped ZnO and In-doped ZnO thin films exhibit values that are slightly smaller than that of undoped ZnO thin films. This could be attributed to the reduction of energy and iconicity of the bonds formed between the film elements. However, B-doped ZnO and Ga-doped ZnO thin films exhibit higher values. This could be interpreted in terms of increasing the energy and iconicity of the bonds [35]. Having estimated the values of    E 0    and    E d   , we then determine the zero-frequency dielectric constant    ε 0    and zero-frequency refractive index n0 by rewriting Equation (4) and put   h v = 0  , giving:


   ε 0  =  n 0 2  = 1 +    E d     E 0     



(5)







The calculated values of zero-frequency dielectric constant    ε 0    and zero-frequency refractive index n0 of all thin film samples are presented in Table 2. Values of    n 0    are found to be in good agreement with theoretical and experimental values of the normal refractive index. In addition, values    ε 0    of and    n 0    of undoped ZnO thin films are found to be 2.357 and 1.535, respectively. Careful inspection of Table 2 indicates that B-doped ZnO and In-doped ZnO thin films exhibit higher values of    ε 0    and    n 0   , whereas Al-doped ZnO and Ga-doped ZnO thin films exhibit smaller values of    ε 0    and    n 0    than those of un-doped ZnO thin films.




3.3. Nonlinear Optical Properties


The nonlinear optical parameters of thin films, such as third-order nonlinear susceptibility    χ   ( 3 )      and nonlinear refractive index    n 2   , are crucial for the fabrication of several electronic and photonic devices [53,54]. The    n 2    and    χ   ( 3 )      parameters are calculated by combining Miller’s generalized rule and the parameters from the WDD single oscillator model [55,56,57] by utilizing the following formulas [58,59,60,61,62],


   χ   ( 3 )    = 6.82 ∗   10   − 15      (   E d  /  E 0   )   4     (  e s u  )   



(6)






   n 2  =   12 π  χ   ( 3 )       n 0     



(7)







The obtained    χ   ( 3 )      and    n 2    values are presented in Table 2. Both    χ   ( 3 )      and    n 2    and the index of refraction parameters are found to adopt similar behaviors.




3.4. Optical and Electrical Conductivities


Non-linear optical properties, as well as optical and electrical conductivities    σ  o p t     and    σ  e l e     are measured to obtain a deeper insight into the possible potential optical, optoelectronic, and optoelectrical applications of dip-synthesized undoped ZnO and group III Elements (B, Al, Ga, and In)-doped ZnO thin films. The    σ  o p t     and    σ  e l e     can be regarded as functions of current density and electric field for certain frequencies and therefore both depend strongly on the optical band gap of the nanocomposite.    σ  o p t     and    σ  e l e     could be expressed as    σ  o p t   = α n c / 4 π   and    σ  e l e   = 2 λ  σ  o p t   / α   [53,54,63,64], where c is the speed of light in air or free space. Figure 3a shows the    σ  o p t     spectra of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration. The significant increase of    σ  o p t     as the photon energy increases is due to the high absorbent nature of thin films in the high frequency region and may be due to the excitation of electrons by the energetic photons. Moreover, the dependence of    σ  e l e     on the photon energy of all investigated thin films are depicted in Figure 3b. Our results regarding    σ  e l e     show that for all investigated thin films, it decreases as photon energy is increased. In addition, B-doped ZnO and In-doped ZnO thin films demonstrate    σ  e l e     values higher than that of undoped ZnO, whereas Al-doped ZnO and Ga-doped ZnO display lower values.




3.5. X-Ray Diffraction Analysis


Crystallinity of all investigated thin films is investigated by a powder X-Ray data analysis system [65], using a CuKα ray with a wavelength of 0.1540598 nm. Figure 4 shows the X-ray diffraction (XRD) patterns of all thin film samples. The measured XRD patterns are found to demonstrate peaks observed at Bragg’s angles of 32.08°, 34.80°, and 36.62°, corresponding to (100), (002), and (101) crystallographic planer orientations, respectively. The XRD patterns show a large difference between the angular positions of group III elements (B, Al, Ga, and In)-doped ZnO thin films and those of undoped ZnO thin films. This can be attributed to the large lattice mismatch induced by the large difference between the lattice parameters of dopant atoms and that of the ZnO host. The lattice mismatch induces large mechanical stress. Clearly, the (002) crystallographic orientation plane dominantly determines the polycrystalline features of undoped ZnO thin films. The XRD patterns reported in this work are consistent with those reported in [14]. The pioneering study [66] reported that the (002) crystallographic orientation of ZnO thin films seems to be preferred by amorphous substrates, such as glass. Furthermore, another study [67] investigated the preferential orientations of textured thin films along the c-axis, perpendicular to the substrate and reported results in good agreement with XRD findings of this work. Additionally, [68] attributed the preferential growth of ZnO thin films along the (002) plane to the low surface free energy of this plane. Interestingly, the intensity of the peak associated with the (002) crystallographic plane in XRD patterns increases steadily, thus enhancing crystallinity of ZnO thin films as the annealing temperature is increased, which is consistent with the results reported [69]. XRD patterns revealed that 3% B-doped ZnO thin films grow preferentially with a single (100) crystallographic plane, in agreement with our previous study on doped B-ZnO thin films [27]. This can likely be attributed to the large difference of atomic and ionic radii of Zn atoms (atomic and ionic radii of 142 pm and 74 pm) and B atoms (atomic and ionic radii of 87 pm and 25 pm). In addition, the XRD pattern of doped In-doped ZnO thin films shows mainly one-orientation, corresponding to (101) diffraction planes, consistent with the findings of [70]. This can be interpreted in terms of the large difference between atomic and ionic radii of Zn atoms and In atoms (atomic and ionic radii of 156 pm and 76 pm). Furthermore, Al-doped ZnO and Ga-doped ZnO thin films are found to exhibit all ZnO diffraction peaks at (100), (002), and (101) diffraction planes, in good agreement with the findings of [5,71,72] and T. Ivanova et al. [73]. In addition, XRD patterns revealed that all crystallographic orientations are shifted into small Bragg’s angles, that could be explained in terms of the difference between atomic and ionic radii of Zn atoms and Al atoms (atomic and ionic radii of 118 pm and 53 pm) and Ga atoms (atomic and ionic radii of 136 pm and 61 pm).



The lattice parameters of the wurtzite microstructure of undoped ZnO thin film can be expressed as [74],


  a =  λ   3  sin  θ   (  100  )       



(8)






  c =  λ  sin  θ   (  002  )       



(9)




where λ is X-ray wavelength (λ = 0.1540598 nm). The lattice constants ( a  and  c ) of undoped ZnO thin films are found to be 3.227 Å and 5.171 Å, respectively, in a good agreement with those reported by the Joint Committee on Powder Diffraction Standards (JCPDS 36-1451) [74]. Due to the formation of polycrystalline aggregates, the crystallite size (D) of the particles is different from the particle size [75]. The D parameter of thin film microstructure associated with (002) crystallographic orientations is calculated using the Scherer formula,   D = k λ /  β  2 θ   cos θ  , where k is a constant taken to be 0.94, λ is X-ray wavelength (λ = 0.1540598nm) and    β  2 θ     is the full width at half-maximum value (FWHM) of the peak in radians [76]. The dislocation density (δ) represents the amount of defects in the film and is estimated by   δ = 1 /  D 2    [76]. The strain (ε) and crystallite density ( N ) of thin film microstructures can be found from   ε = β cot θ / 4   and   N = t /  D 3   , respectively [19,76]. Table 3 shows the structure parameters of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration. Careful inspection of Table 3 indicates that D increases upon doping with boron and indium, and decreases when aluminum and gallium are introduced as a dopant in ZnO thin films. We found that  ε  and  D  are inversely proportional due to the shrinkage of the space occupied by the arranged atoms inside the crystalline structure and the expansion of the total surface area [77].




3.6. Scanning Electron Microscopy


Figure 5a–e shows the SEM micrographs of undoped ZnO, B-doped ZnO, Al-doped ZnO, Ga-doped ZnO, and In-doped ZnO, respectively. SEM micrographs of undoped ZnO thin film shows that it exhibits a flat frictionless surface with tiny grains of ZnO scattered throughout the surface, as can be seen in Figure 5a. The diameter of each single nanoparticle was estimated to be around 77 nm. SEM micrographs of B-doped ZnO thin films (Figure 5b), demonstrate the coarse characteristics pictured by unsystematically dispersed ice land-like features. SEM micrographs of Al-doped ZnO thin films (Figure 5c) demonstrate that grains become finer and clearer. Upon inspecting SEM micrographs of Ga-doped ZnO (Figure 5d), one may see that small nanoparticles appeared on the surface, which have been refined and softened to form regular nanofeatures. Finally, In-doped ZnO thin films micrographs (Figure 5e) show sheet-like features with few cracks. These results agree well with the XRD patterns, which demonstrate a decrease in the grain size of Al-doped ZnO and Ga-doped ZnO thin films, and an increase of grain size of B-doped ZnO and In-doped ZnO thin films.





4. Conclusions


In summary, structural, optical, and morphological properties of dip-synthesized un-doped ZnO and group III elements-doped ZnO (B, Al, Ga, and In) thin films were fabricated at a 3% doping level. Optical characterization of thin films was performed by measuring their transmittance spectra, reflectance spectra, index of refraction, extinction coefficient, optical band gap energy, and other related optical parameters. The transmittance of all investigated thin films was found to attain high values, more than 80% in the visible region. The optical band gap Eg of the undoped ZnO thin film was found to be around 3.27 eV. The Eg values of B-doped ZnO and Ga-doped ZnO were found to decrease with respect to that of undoped ZnO thin films. On the other hand, the Eg values of Al-doped ZnO and In-doped ZnO thin films were found to increase when compared with that of undoped ZnO thin films. Undoped ZnO thin films exhibited an index of refraction ranging between 1.6 and 2.22, which was very close to that of bulk ZnO. We measured and interpreted nonlinear optical parameters of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films. The drastic change of optical properties of annealed dip-synthesized undoped ZnO thin films upon doping with (B, Al, Ga and In) elements indicated a practical and feasible possibility for tuning optical and electronic properties, in order for the films to be used as key candidate materials for the fabrication of modern optoelectronic and photonic devices at commercial scales. Furthermore, XRD measurements were analyzed and interpreted. We found that undoped ZnO thin films exhibit a hexagonal structure. Moreover, as 3% doping levels of B and In were introduced in ZnO thin films, a structural phase transition was observed that could be attributed to the large difference between the size of B and In atoms compared to the size of Zn atoms. Ga-doped ZnO and Al-doped ZnO thin films were found to preserve the hexagonal structure, as the sizes of Ga and Al atoms are close to that of Zn atoms. Additionally, introducing B and In atoms increased the grain size considerably. On the other hand, introducing Ga and Al atoms decreased the grain size significantly. We investigated the microstructure and the surface morphology of thin films by analyzing and interpreting their SEM micrographs. Our results indicated that undoped ZnO films exhibit a smooth surface with vanishingly small grains of ZnO scattered throughout the surface. SEM micrographs of B-doped ZnO thin films showed coarse features, indicating randomly distributed ice land-like topographies. As Al atoms were introduced, grains became finer and clearer. Micrographs of Ga-doped ZnO thin films indicated small nanoparticles had appeared on the surface. These nanoparticles were refined and softened to form regular nanofeatures. The SEM results of In-doped ZnO thin film showed sheet-like features with few cracks. The SEM results agreed well with the measured XRD patterns of all investigated thin films. Remarkably, significantly tuning the structural, optical, and morphological of doped ZnO thin films should pave the way for designing the next generation of the films’ technological device applications.
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Figure 1. (a) Transmittance spectra, (b) band gap energy, and (c) schematic images and binding structures of undoped ZnO and group III elements (B, Al, Ga and In)-doped ZnO thin films at a doping level of 3%. 
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Figure 2. (a) Reflectance spectra, (b) index of refraction spectra (n), (c) extinction coefficient spectra (k), and (d) dependence of the skin depth on the photon energy of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration. 
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Figure 3. (a) The variation of the optical conductivity with the photon energy, and (b) the variation of the electrical conductivity with the photon energy of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration. 
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Figure 4. The X-ray diffraction patterns of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration. 
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Figure 5. SEM micrographs of (a) undoped ZnO, (b) B-doped ZnO, (c) Al-doped ZnO, (d) Ga-doped ZnO, and (e) In-doped ZnO thin films. 
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Table 1. The band gap energy Egap, Urbach energy EU, the energy parameter ( X ), and the positions of both the conduction and valence bands of undoped ZnO and group III elements (B, Al, Ga and In)-doped ZnO thin films at a doping level of 3%. BZO, AZO, GZO, and IZO stands for B-doped ZnO, Al-doped ZnO, Ga-doped ZnO, and In-doped ZnO thin films, respectively.






Table 1. The band gap energy Egap, Urbach energy EU, the energy parameter ( X ), and the positions of both the conduction and valence bands of undoped ZnO and group III elements (B, Al, Ga and In)-doped ZnO thin films at a doping level of 3%. BZO, AZO, GZO, and IZO stands for B-doped ZnO, Al-doped ZnO, Ga-doped ZnO, and In-doped ZnO thin films, respectively.





	Sample
	Egap (eV)
	EU (eV)
	X (ZnO) (eV)
	X (Z) (eV)
	X (tot) (eV)
	ECB (eV)
	EVB (eV)





	ZnO
	3.270
	0.169
	5.963
	0.000
	5.963
	−0.172
	3.098



	BZO
	3.161
	0.150
	5.963
	4.286
	5.905
	−0.175
	2.985



	AZO
	3.369
	0.301
	5.963
	3.224
	5.854
	−0.331
	3.039



	GZO
	3.093
	0.131
	5.963
	3.218
	5.854
	−0.191
	2.899



	IZO
	3.314
	0.384
	5.963
	3.104
	5.848
	−0.307
	3.003
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Table 2. Estimation of some essential optoelectronic parameters of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration.
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	Parameter
	ZnO
	BZO
	AZO
	GZO
	IZO





	Effective single oscillator,    E 0    (eV)
	4.616
	5.015
	4.609
	4.732
	4.011



	Dispersion energy,    E d    (eV)
	6.261
	9.362
	4.976
	6.328
	7.990



	Zero-frequency refractive index,    n 0   
	1.535
	1.693
	1.442
	1.529
	1.729



	Zero-frequency dielectric constant,    ε 0   
	2.357
	2.867
	2.080
	2.337
	2.992



	Optical oscillator strengths f    (  e  V 2   )   
	28.902
	46.948
	22.936
	29.940
	32.051



	Linear optical susceptibility,    χ   ( 1 )     
	0.108
	0.149
	0.086
	0.106
	0.159



	Third-order nonlinear optical susceptibility,    χ   ( 3 )    ×   10   − 14     (esu)
	2.309
	8.287
	9.264
	2.181
	1.074



	The nonlinear refractive index,    n 2  ×   10   − 13    
	5.668
	1.844
	2.421
	5.375
	2.339
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Table 3. The structure parameters of undoped ZnO and group III elements (B, Al, Ga, and In)-doped ZnO thin films at 3% doping concentration.
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	Samples
	Crystalline Size D (nm)
	Dislocation Density δ (1015)
	Strain   ε   (10−3)
	Crystalline Density (1016)





	ZnO
	19.298
	2.693
	6.353
	6.998



	BZO
	24.932
	1.609
	5.286
	3.226



	AZO
	14.132
	5.118
	8.938
	18.490



	GZO
	11.877
	7.197
	10.636
	30.746



	IZO
	66.995
	0.223
	1.744
	1.663
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