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Abstract. In this paper, the effect of doping concentrations of Fe and Cr on ZnO powder was studied by using X-ray 
diffraction (XRD). The ZnO was doped using solid state reaction method with High Speedshaker Mill (HSM) and continued 
with sintering at 900°C for 4 hours. Samples doped with Fe and Cr have polycrystalline hexagonal wurtzite structure. XRD 
pattern of ZnO doped with Fe is not far different from that with Cr. The intensity decrease and the peak shifted to a higher 
2θ angle indicate the change in the crystal parameters such as lattice parameters, crystalline sizes, and d-spacing.  

 INTRODUCTION 

 ZnO is an n-type semiconductor with a direct band gap of 3.37 eV at room temperature and has a large exciton 
binding energy (60 meV). It has the potential for a wide range of optoelectronic applications, solar cells, LEDs, UV 
lasers and gas sensors [1-2]. In recent years, ZnO was intensively studied as a material dilute magnetic semiconductor 
[3]. When ZnO is doped with the transition metal ions such as Mn, Fe, Cu, Cr, Co, and V, it shows ferromagnetic 
properties [4]. This occurs due to the spin exchange interaction, so that the ZnO shows its magnetic properties [5]. 
Chromium (Cr) and iron (Fe) are a transition metal with a unique chemical stability [6]. Room-temperature 
ferromagnetism (RTFM) in ZnO: Fe and ZnO: Cr has been widely studied, but only a few studies had been done on 
the structure of the ZnO after doping. It is well known that the nature of the material structures will affect other 
physical properties. Previous studies [6-10] suggest that the addition of doping Fe, Cr, or both, affect the structure of 
the resulted crystals. The structural changes of the material will change its magnetic and electrical properties. 

Several methods have been used for the fabrication of ZnO doping transition metals with Fe and Cr, such as: sol-
gel [6, 11], coprecipitation [12], solid state reaction [7-8], sputtering [1] and hydrothermal [13]. However, the method 
of solid state reaction is less expensive, simple in preparation and could be more easily to scaled-up [14]. This paper 
reports the XRD study on the fabricated ZnO: Fe and ZnO: Cr using solid state reaction. 

EXPERIMENTAL DETAIL  

The main material for this study was source-based ceramic oxide (ZnO), while doping material (Fe and Cr) was  
used a pure metal. Doping concentrations were varied from 2.5 to 4.5 at.% and samples information are shown in 
Table 1. The sample was prepared by wet milling using toluene as a solvent by inserting ZnO powder, dopant, and 
stainless steel ball into a cylindrical stainless steels vial and then milled with HSM for three hours. The ratio of powder 
and ball used is 1:10. The sample was then heated in an oven at 100°Cfor 3 hours. The powder was sintered at 900°C 
for 4 hours in atmosphere condition. The structure of ZnO doped with Fe and Cr were identified by using XRD 
(Smartlab-Rigaku with Cukα radiation, λ = 1.5406 Å). Crystal size, lattice parameters (a and c), d-spacing, volume 
and Zn-O bond distance are calculated from the results of XRD analysis.  
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RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of pure ZnO and ZnO doped with Fe (Fig. 1a), detail of the XRD pattern 
observation at the angle of 20° to 65° (Fig. 1b) and detail observation of the ZnO (002) peak (Fig. 1c). Pure ZnO and 
doped ZnO appeared as three dominant peaks at an angle 2θ of 31.81°, 34.47° and 36.29°, consecutively identified as 
the plane of (100), (002) and (101) (JCPDS No. 00-005-0664). There are also peaks at (102), (110), (103), (200), (112) 
and (201) with a low intensity. These results confirm that the preparation of pure ZnO and doped ZnO with Fe has a 
wurtzite hexagonal structure [15]. More detailed observations of XRD pattern in Fig. 1b, shows the peaks at around 
2θ angle of 30.32°, 35.1°, and 62° indicating ZnFe2O4 phases (JCPDS No. 01-086-0508). The appearance of ZnFe2O4 
phases might be due to the mechanical diffusion occurred during mixing and milling process. The sintering effect is 
also believed to cause the Fe ion diffusion into the lattice of ZnO, as also reported in Ref. [9]. The peak intensity of 
ZnFe2O4 increases with the doping concentration. The increase concentration of Fe dopant will also increase the value 
of Fe ions diffusion in the ZnO lattice [9]. Fig. 1c is the fitting analysis done to the plane of (002).  

It can be clearly seen that there is a peak shift towards the larger 2θ angle when ZnO doped with Fe. The position 
change of the diffraction peaks of ZnO doped with Fe due to the additional of dopant was also observed. These results 
indicate that the change in the lattice parameters of ZnO is due to the diffusion of Fe ions into ZnO lattice. The 
 

TABLE 1. Samples designation based on the doping concentration. 

Sample Material Sample Material 
ZnO Pure ZnO Cr-25 ZnO-2.5 at.% Cr 
Fe-25 ZnO-2.5 at.% Fe Cr-35 ZnO-3.5 at.% Cr 
Fe-35 ZnO-3.5 at.% Fe Cr-45 ZnO-4.5 at.% Cr 
Fe-45 ZnO-4.5 at.% Fe   
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FIGURE 1. (a) XRD patterns of pure ZnO and ZnO doped with Fe, (b) detail of the XRD pattern observation angle  
of 20 to 65° and (c) detail observation of the ZnO (002) peak.  
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calculated crystal parameters such as d-spacing, the average size of the crystals, the lattice parameter, Zn-O bond 
length and the unit cell volume of ZnO (002) for doping ZnO Fe and Cr are shown in Table 2. The d-spacing of the 
crystal planes (002) for the hexagonal structure is determined using the Equation 1 [16].  
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where a and c are a hexagonal crystal lattice parameters, h k l are miller indices. The value of the d-spacing is closely 
related to the presence of strain fields within the non-equilibrium grain boundaries inside of crystallite [15]. 

Based on the FWHM data from the diffraction peak of (002) plane, the average crystals size (D) can be calculated 
using Debbey Scherrer formula as given in Equation 2 [2], 

 

 θβ
λ

cos

9.0
 =D

 (2) 
where β is the FWHM of the diffraction peak (002). In this work, the crystal size of ZnO doping Fe decreased from 
53.51 nm to 50.84 nm with increasing the value of Fe concentration. The same result is shown in the preparation of 
Fe doping ZnO with a sol-gel method reported somewhere [17]. However, a different result is obtained when the ZnO 
doped with Cr, in which the crystal size is directly proportional to the increase of dopant. In Ref [10], it was reported 
that the ZnO crystal size was reduced as the number of Cr dopant increased. This is because of the ionic radius of Cr3+ 
smaller than that of Zn2+ ions. The difference in the results might be due to the effects of heat treatment that was 
performed to the sample. The grain size will also be different due to the agglomeration [15]. 

 Figure 2 shows the XRD patterns of pure ZnO and ZnO doping Cr, the detail of the XRD pattern observation 
angle of 20 to 65° and the detail observation of the peak of ZnO (002). From Fig. 2a, it can be seen that the XRD 
patterns of ZnO doped with Cr has similarities with the XRD pattern of ZnO doped with Fe. This result also confirms 
that ZnO doped with Cr has a wurtzite hexagonal structure [15] with the dominant peaks intensity at planes (100), 
(002) and (101) (JCPDS No. 00-005-0664). The appearance of ZnCr2O4 secondary phase at ZnO doped with Cr is 
also found at angle 2θ of about 30.32°, 35.1° and 57.5° (JCPDS No. 01-087-0028). The increasing value of ion Cr 
dopant will affect the number of Cr ion that was entered the ZnO lattice. This can be recognized by the increase of 
peak intensity (Fig. 2b). While details observation peak of ZnO at (002) plane, showed that there is also a shift to the 
greater value of 2θ (Fig. 2c). This can be indicated as the Cr ion is successfully substituted ion Zn in ZnO lattice. The 
ionic radii value of Cr3+ (0.64 Å) that is smaller than Zn2+ ion (0.74 Å) is believed to be the cause that the peaks is 
shifted to a higher value of 2θ [1] also reported a similar results, with the increasing value of Cr dopant causes a shift 
in the diffraction peaks. Changes to the diffraction peaks may also indicate the change in crystal parameters [18]. 

Table 2 listed the calculated lattice parameters, such as bond length, the unit cell volume, and the average size of 
the crystals in the plane (002) for all samples included pure ZnO. The value of the lattice parameters for ZnO doped 
with Fe or Cr are smaller than the theory (JCPDS No. 00-005-0664) where the value of a = 3.249Å, and c = 5.205 Å. 
This confirmed that most of ion Fe or Cr was successfully substituted into the ZnO lattice. While the Zn-O bond length 
(L) can be estimated using Equation 3: 

 

( ) ( )( ) 222 2/13/ cuaL −+=
           (3) 

 
where u = (a2 + 3c2) + 0.25 is a hexagonal structure potential parameter. The volume of the unit cell (V) for hexagonal 
system is calculated from Equation 4 [16]: 
 

caL ××= 2866.0  (4) 
 

It is apparent in Table 2, the lattice parameters, unit cell volume, and the Zn-O bond distance changes with 
increasing Fe or Cr dopant. The crystal parameter value of ZnO doped with Fe or Cr, in general, is smaller than the 
value of pure ZnO. This indicates that the Fe3+ or Cr3+, which both have an ionic radii smaller than Zn2+ ions have 
been substituted into the ZnO lattice. Fe3+ or Cr3+ ions that fill the Zn2+ ion lattice resulted in crystal defects and 
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TABLE 2. Calculated lattice parameters, such as bond length, the unit cell volume and the average size of 

the crystals in the (002) plane for samples ZnO through ZnO doped Cr-45. 

Sample 
FWHM 

(deg) 
d-spacing 

(Å) 
D 

(nm) 
a 

(Å) 
c 

(Å) 
L 

(Å) 
V 

(Å) 
ZnO 0.164 2.6025 50.64 3.2489 5.2049 1.9772 47.5780 

Fe-25 0.155 2.5992 53.51 3.2449 5.1984 1.9747 47.4034 
Fe-35 0.158 2.6007 52.66 3.2467 5.2014 1.9759 47.4819 
Fe-45 0.164 2.5996 50.84 3.2454 5.1991 1.9750 47.4214 
Cr-25 0.161 2.5994 51.76 3.2450 5.1985 1.9748 47.4058 
Cr-35 0.160 2.6000 51.96 3.2462 5.2000 1.9755 47.4556 
Cr-45 0.161 2.5993 51.80 3.2451 5.1987 1.9749 47.4100 
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FIGURE 2. (a) XRD patterns of pure ZnO and ZnO doped with Cr, (b) detail of the XRD pattern observation angle of 20° 
to 65° and (c) detail observation of ZnO (002) peak. 

 
charge imbalance in ZnO structure [17]. These results are shown in the XRD patterns, where the peak intensity 
decreases and the FWHM become wider by increasing the number of dopants. 

CONCLUSIONS 

The solid state reaction preparation method and XRD characterization of ZnO doped with Fe and Cr have been 
successfully carried out. XRD patterns of ZnO doped with Fe or Cr showed ZnO with wurtzite hexagonal structure as 
the main phase. The ZnO doped with Fe produces a secondary phase ZnFe2O4 while doping with Cr produce ZnCr2O4 
phase. Both dopants yield the ZnO with crystal sizes in the range of 46.82 to 49.42 nm. The increasing number of 
dopants (Fe or Cr) in ZnO crystals, resulted in the parameters changes such as d-spacing, lattice parameters, bond 
length, the unit cell volume and the size of the crystals. 
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