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We reported the synthesis of phosphorus doped ZnO nanoparticles for a 
concentration of P ranging from 2 to 8%by a sol–gel processing technique. The 
structural and optical properties of these nanoparticles were characterised by 
different techniques. The structural study confirms the presence of hexagonal 
wurtzite phase with average crystallite size around 30nm. However, the optical 
study was shown a high absorption in the UV range and an important reflectance 
in the visible range. The optical band gap of P-ZnO samples were varied 
between 3.32 and 3.28 eV. The aim of this work is to study the effect of 
phosphorus doping on the structural, morphological and optical properties of 
ZnO nanoparticles. 
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1. Introduction 
 
In recent years many studies on Transparent Conductive Oxides (TCOs) have 

brought an important interest in nanotechnology because they may have the dual 
properties of having good transmittance in the visible light region and high electrical 
conductivity [1].These characteristics depend on the nature, the number and the atomic 
arrangement of the metal cations in the crystalline oxide structure, the morphology of the 
nanomaterials and the presence of intrinsic (oxygen vacancies and interstitial metal) or 
extrinsic (doping) defects. Currently, the dominant TCOs are SnO2, TiO2, ZnO and 
Indium Tin Oxide (ITO). Zinc oxide is considered today as the promising key for several 
nanotechnology applications. In particular, it offers good prospects as a transparent 
conductive oxide when doped with several types of dopants such as ytterbium (Yb), 
indium (In), vanadium (V) and molybdenum (Mo) [2-5]. ZnO nanostructures with 
different morphologies have particular properties, so there are very intense interests have 
been devoted to the synthesis of ZnO with various morphologies such as nanowires, 
nanorods and nanobelts. In fact, ZnO as a semiconductor has a wide band gap (3.3 eV), a 
large exciton binding energy of 60 meV at room temperature (RT) [6-7], abundant in 
nature and environmentally friendly; these characteristics make this material attractive 
for many applications such as solar cells, optical coatings, photocatalysts, antibacterial 
activities, electrical devices, active medium in UV semiconductor lasers and in gas 
sensors, thereby allowing faster detection and response [8-13]. ZnO nanomaterials can 
be doped with transition metals (Co, Fe, Mn, Ni, etc.) [14-17] or with poor metals (Al, 
Ga, In, Sn, etc.) [18-21], synthesised by several techniques (PLD, sputtering) and 
chemical techniques (spin-coating, pyrolysis spray, sol-gel, etc.).  
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Therefore, in this work, we describe our approach for synthesis ZnO nanoparticles and 
study of the influence of phosphorus doping with different concentrations on the structural, 
morphological and optical properties of ZnO nanoparticles.  

 
 
2. Experimental details 
 
2.1. Sample preparation 
P-doped ZnO nanoparticles with various concentration of Phosphorus were 

prepared by a sol-gel method as follow:16 g of zinc acetate dehydrate [ZnC4H6O4.2H2O] 
(Sigma Aldrich≥99% purity) as a host precursor was dissolved in a 112 ml methanol 
(CH3OH) as solvent. After 10 min of magnetic stirring at room temperature, ammonium 
dihydrogen phosphate (NH4H2(PO4)2, ≥ 98%) was added as the phosphorus dopant 
precursor with different concentrations ranging from 0 to 5%, and continue with 
magnetic stirring until the total dissolution of the precursors. After, the resultant solution 
was placed in an autoclave by adding a 220 ml ethanol (C2H5OH) for drying in the 
supercritical conditions of the latter, using the J. El Ghoul et al. protocol [22].  

 
2.2. Characterisation techniques 
The effect of phosphorus concentrations on the crystalline phase of the obtained 

nanoparticles was monitored with the help of Bruker D5005 powder X-ray 
diffractometer using CuKα (λ=1.5418 Ǻ). There corded X-ray diffraction patterns of P-
ZO were investigated in an angle (2θ) ranging from 20° to 70° with a step of 0.02°. The 
synthesised samples were also characterised by using a transmission electron microscope 
(TEM) (JEM-200 CX). The optical-absorption spectra and diffuse reflectance spectra 
were measured on Shimadzu (UV-3101 PC UV-Vis-NIR) spectrophotometer in the 
wavelength range of 200-1800 nm. The powder of BaSO4 was used as a standard for the 
optical measurements. 

 
 
3. Results and discussion 
 
X-ray diffraction analysis was carried out to study the crystal phases of P-ZnO 

nanoparticles. Fig.1 shows the XRD patterns of P-ZnO nanoparticles with different 
phosphorus doping concentrations. The results indicate the formation of hexagonal 
wurtzite phase of ZnO [23], matched well with space group P63mc (No. 186) (JCPDS 
No. 36-1451). It is clear in fig.1 that, XRD patterns of different doping concentrations 
are similar to XRD pattern of undoped ZnO. The values of lattice constants at room- 
temperature of doped P-ZnO materials are agreed with hexagonal polycrystalline 
wurtzite structure of ZnO (a = 3.249 Å and c = 5.206 Å) [24].  

 

 
 

Fig. 1. X-ray diffraction patterns of undoped and P-doped ZnO. 
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This implies that the doping of P-ZnO has retains the same crystal structure of 
ZnO [25]. The average crystallite size D was evaluated using the Debye-Scherrer 
formula as given [26]: 

 
𝐷𝐷 = 0.9𝜆𝜆

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃𝐵𝐵
                                                                                     (1) 

 
where λ is the X-ray wavelength (1.5418 Å), θB is the maximum of the Bragg diffraction 
peak and B is the fullwidth at half maximum (FWHM) of diffracted peaks measured in 
radians. The crystallite size of P-ZnO nanoparticles with different doping concentrations 
have been calculated and summarised in Table1. The size of P-ZnO nanoparticles 
crystallites varies between 22 and 40 nm.  

The morphology and the size of the P-doped ZnO powders have been 
investigated by TEM analysis (Fig. 2). As regards the particles morphology, the grains 
appear to become more elongated and loss their regular facets with increasing 
phosphorus content. However, HRTEM image of P4%-ZnO depicted that also in the P 
doped samples the grains crystallinity is still preserved.  

 

 

 

 
 

Fig. 2. TEM and HRTEM images and SAED pattern of P4%-ZnO. 
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The SAED pattern of P4%-ZnO clearly showed randomly scattered diffraction 
spots along with ring patterns, which reveal that pure as well as phosphorus doped ZnO 
nano-powders consist of single as well as poly-crystalline nanocrystallites. The observed 
diffraction spots and rings are indexed with the help of bulk ZnO JCPDS card36-1451 
data.  

In order to investigate the optical properties and band gap, the absorbance spectra of the 
samples was carried out by UV–Vis spectrophotometer. The absorbance and reflectance spectra of 
P-ZO nanoparticles at different concentrations of phosphorus in UV and visible range are 
presented in Fig.3 and Fig.4, respectively.  

 
 

 
 

Fig. 3. UV-Vis-NIR absorbance spectra of P-ZnO nanoparticles. 
 
 

 
 

Fig. 4. UV-Vis-NIR reflectance spectra of P-ZnO nanoparticles. 
 
 
It is clear that, the reflectance is varied at different doping concentrations in the 

UV range, which shows that absorption is the highest in this region. In contrast, the 
reflectance is varied between 65% and 80% in the visible light region, which prove that 
the optical diffusion power of this type of material is quite important in this range. 

The absorption coefficient α is related to the optical energy band gap Eg for high photon 
energies as [27]: 

 

( )2
1

)( gEhCh −= ννα       (2) 



141 
 

 
 

 
where C is a constant for direct transition, and hν is the energy of the incident photon. 
The plot of (αhν)2 against (hν) shows a linear dependence. This means that ZnO are 
direct transition type semiconductor. The band gap energy (Eg) is determined by 
extrapolating the linear part of the spectrum (αhν)2 curve towards the (hν) axis in Fig.5. 
 
 

 
 

Fig. 5. Plot of (αhν)2 against (hν)  of P-ZnO nanoparticles. 
 
 
The band gap energies have been also estimated by using the method of the first derivative 

of the reflectance (dR/dλ) [28, 29]. The variation spectrum of the first derivative of the reflectance 
(dR/dλ) versus wavelength (λ) for P-ZnO nanoparticles is shown inset in Fig.6. 

 
 

 
 

Fig. 5. Plot of first derivative reflectance of P-ZnO nanoparticles. 
 
 
We found that, the estimated values of the band gap energy from this method are 

summarised in Table 1. 
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Table 1. Lattice parameters values the crystallites size and band gap energies of the samples. 
 

P(at. %) a (101) c (002) D (nm) Eg (eV)Tauc plot  Eg (eV)First derivative  
2 3.251 5.208 23 3.31 3.315 
4 3.250 5.205 24 3.29 3.31 
6 3.251 5.208 41 3.29 3.30 
8 3.242 5.194 38 3.27 3.285 

 

The decreases in the gap energy can be attributed to create of donor level below 
the conduction band or the fact that the phosphorus atoms are not completely absorbed 
by the host matrix of ZnO. So, some phosphorus atoms are positioned on the surface of 
the ZnO, giving rise to allowed states near the conduction band in the band gap. Similar 
results have been reported for In, Sn and Al-doped ZnO [30-32], where the oxides 
In2O3, SnO2 and Al2O3 appear on the surfaces of the doped ZnO.  

 
 
4. Conclusion 
 
In summary, P-ZO were synthesised by a sol-gel technique. The structural study of XRD 

indicated that the synthesised P-ZO nanoparticles are crystallised in a hexagonal wurtzite structure 
with crystallite size varies between 22 and 40 nm. According to TEM analysis, the shape of 
crystallites was transformed from a hexagonal to spherical with increasing in its size as 
phosphorus concentration increased. The optical study reveals the presence of the intense 
absorption in the UV range as well as the significant reflectance in the visible and infrared region 
where these results are agreed with the common behaviour of ZnO nanoparticles. The band gap 
energies were estimated from the variation of two methods and their values are between 3.31and 
3.27eV. 
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