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Abstract: (ZnO)1−x(MnO2)x thin films for  x ≤ 0.07  were deposited by pulsed laser 
deposition (PLD) at room temperature. Rietveld refinement for XRD of bulk samples 
confirmed the Mn ions substitution in ZnO lattice as inferred by the change in lattice 
parameters. The as-deposited thin film samples are found to be polycrystalline with the 
preferred orientation along (110) diffraction plane. No impurity phase was seen to form in 
thin film sample. Information about different valance states of doping elements is 
deduced from XPS data with the help of peak fittings of corresponding core peak 
observed in XPS survey scan. The deposited (ZnO)1−x(MnO2)x thin films exhibit room 
temperature ferromagnetism for different compositions.  

Introduction 
In recent years significant attention has been paid to the diluted magnetic semiconductors (DMS) 
in which magnetic ions substitute cations of the host semiconductor material and are assumed to 
be an ideal system for spintronics. The half-filled 3d-shell of Mn2+ ions, having largest moment 
(5 µB), plays a particular role in both theoretical and experimental studies of different III–V and 
II–VI semiconductors [1]. It is now well-established fact that introduction of substitutional 
transition metal (TM) dopants into wide band gap oxides [2] and III–V semiconductors induce 
ferromagnetic ordering [3,4]. ZnO, a member in the II–VI family with a wide band gap is 
considered as a potential material for a wide range of applications such as in solar cells [5], 
blue/UV light emitter device [6], gas sensor [7] etc. The strong interest in this field of research is 
maintained to obtain ferromagnetism in powder, bulk and thin films of ZnO doped TM. In the 
present study, we have focused on the structural and compositional analysis of bulk and their thin 
film samples for three different Mn dopings. 
  
Experiments 
(ZnO)1−x(MnO2)x thin films for x ≤ 0.07 were deposited by PLD. The target material was prepared 
by standard solid state reaction technique in which the appropriate amount of precursors ZnO and 
MnO2 were used. The mixed powder was calcined, pelletized and sintered at 700 oC for different 
compositions. The thin films of 150 nm thickness were deposited on silicon substrates using 
Nd:YAG laser (532 nm, 10 ns) operating at 10 Hz for 50,000 shots at the base vacuum pressure 
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of 5×10-5 mbar. The structural study of the pellets and thin films has been performed by using 
SIEMENS D5000 X-ray diffractometer equipped with a Cu-Kα (λ=1.544 Å) source. Chemical 
compositions of the films were analyzed by using Kratos-Ultra X-ray photoelectron spectrometer 
equipped with a focused monochromatic Al-Kα X-ray beam (XPS). The magnetic properties were 
characterized by Lakeshore 7400 vibrating sample magnetometer (VSM). 
 
Results and discussions 

  
 

Figure 1. XRD spectra of (ZnO)1-x(MnO2)x 
pellets for x ≤ 0.07. Inset shows the random 
peak shift in spectra at higher 
magnification. 

Figure 2. XRD spectra of (ZnO)1-x(MnO2)x  
thin films for different compositions. 

The XRD patterns of (ZnO)1-x(MnO2)x pellets for x ≤ 0.07 are shown in figure 1. All of the 
dominant diffraction peaks from the targets correspond to hexagonal ZnO structure with preferred 
orientation along (101) diffraction plane. The (101) reflection plane shows the random peak shift, 
refer inset in figure 1, for pellets with increasing MnO2 doping concentration which indicates that 
different Mn ions substitute in ZnO lattice. Diffraction peaks corresponding to impurity phases of 
ZnMn2O4 are also observed. The heating treatment of the pellets, during sintering, with different 
MnO2 doping concentration makes Mn exist in different oxidation states, having different ionic 
radii, such as Mn+4 in MnO2, Mn+3 in Mn2O3 and Mn+2 in MnO. The different oxides of Mn are 
formed due to the decomposition of MnO2 [8] which results in impurity phase formation. 

 
Table1. The a and c parameters for ZnO calculated by Rietveld analysis. 

Table 1 shows the various refined lattice parameters (i.e. a and c) and calculated unit-cell volume 
(V) together with R-Bragg parameter for all pellets, obtained from Rietveld refinements. The 
change (increase/decrease) in the cell volume/parameters of the (ZnO)1-x(MnO2)x  pellets is a 
clear indication of substitution of Zn+2 ions by Mn ions of smaller radii/larger radii. The XRD 
spectra of as-deposited thin films having ZnO diffraction peaks of (100), (101), (110) and (112) 
reflection planes grown by PLD technique at room temperature are shown in figure 2.  It is 
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noticed that the XRD patterns of thin film samples have different preferred orientation as 
compared to the bulk pellets. The thin film samples for all compositions have preferred 
orientation along (110) plane as it has highest texture coefficient.  

 

 
Figure 4. XPS spectrum around the O 1s  core 
levels of (ZnO)0.97(MnO2)0.03 thin film 

 
Figure 3. XPS spectrum around the Mn 2p3/2 

core level of (a) (ZnO)0.97(MnO2)0.03 thin film, 
(b) (ZnO)0.95(MnO2)0.05 thin film and (c) 
(ZnO)0.93(MnO2)0.07 thin film. 

Figure 5. M-H curves of (ZnO)1-x(MnO2)x 

thin films. Inset shows saturation 
magnetization versus x %. 

Chemical bonding states in the (ZnO)1-x(MnO2)x films were characterized by XPS survey on the 
surface of thin films. The XPS spectra corresponding to the core peaks of Zn 2p, Mn 2p and O1s 
were obtained, Zn2p3/2 core peaks showed quiet symmetrical features for all samples. The XPS 
spectra of Mn 2p3/2 peak for all thin film are shown in figure 3. The de-convolution of Mn 2p3/2 
peak for (ZnO)0.97(MnO2)0.03 thin film with three Gaussian peaks at binding energies of 640.9, 
642.2 and 642.7 eV seems to suggest that there are three kinds of Mn components. It is well 
known that, for one kind of element, its ion with a high valance has a larger binding energy than 
its low valance ion. Therefore, the peak on the low energy side at 640.16±0.04 eV can be 
considered to correspond to Mn2+ ion in ZnMnO. The components with the higher binding 
energies can be due to Mn ion in higher valence state. It may, however, be noted that the two 
peaks at higher energy side are quite close to each other so we may consider that they are due to 
the Mn ions in similar valance state most probably that of Mn3+ ions. The similar peak fitting 
trends are observed for Mn 2p core peaks for (ZnO)0.95(MnO2)0.05 and (ZnO)0.93(MnO2)0.07 thin 
film samples. As the third peak on the higher energy side is only around 642 eV, it is concluded 
that the highest valance state is that of Mn3+. The presence of Mn3+ showed that both valance 
states of Mn ion can substitute Zn ion which is similar to the observation made by Bhatti et al.[8].  
The XPS spectrum of (ZnO)0.97(MnO2)0.03 for O 1s is shown in figure 4. Similar to Mn 2p3/2, the O 
1s peak shows asymmetric behavior, indicating the presence of multi-component oxygen species 
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present in the near-surface region. The typical O 1s peak can be fitted by four Gaussians peaks 
centered at 528.94, 530.16, 531.40 and 531.49 eV, respectively. The peaks centered at about 
531.40 and 531.49 eV are due to the chemisorbed oxygen. The peak at about 528.94 eV towards 
lower energy side is due to Zn-O bonds and at 530.1 eV is due to the ZnMnO crystal lattice 
oxygen [9]. For (ZnO)0.95(MnO2)0.05 and (ZnO)0.93(MnO2)0.07 thin film samples, we observed the 
similar behavior. The de-convolution of core peaks of Mn and O obtained by XPS clearly 
indicates that our thin film samples do not contain any impurity spinel phase. These results are 
consistent with the XRD results of our thin film samples. The change in Mn binding energy 
further assures the presence of different Mn valance ions. Also the change in binding energy of 
oxygen core peaks due to breaking of Zn-O bonding confirms that the Mn ions have successfully 
substituted Zn ions in the ZnO lattice. 
M-H curves at room temperature for (ZnO)1−x(MnO2)x thin films (x ≤ 0.07) are shown in figure 5. 
The variation of the magnetization of the samples with applied field reveals that the samples are 
ferromagnetic in nature. The observation of the ferromagnetic behavior confirms the formation of 
ZnMnO phase due to the Mn+2 ions substitution in the ZnO lattice. Our XPS results for Mn core 
peaks confirmed the presence of Mn+2 valance ions in thin film samples. Magnetism will arise in 
ZnMnO phase when Mn+2 ions substitute the Zn+2 ions in ZnO lattice [8]. The theoretical 
treatment of ferromagnetism ordering in ZnO based  semiconductors indicated that the 
ferromagnetism originated from hole doping generated by the substitution of transition metal for 
Zn+2 [10,11,12]. The observable fact is the decrease in saturation magnetization with the 
increasing percentage of x. This decrease in magnetization is related to the enhancement in anti-
ferromagnetic interactions between neighbouring Mn-Mn atoms as the distance between them 
become smaller with increasing Mn doping percentage [10]. The effective magnetic moment per 
Mn atom estimated to be in 0.86, 1.44 and 2.84µB for thin films having x = 0.03, 0.05 and 0.07. 
The observation of reasonably good magnetic moments at room temperature magnetic 
measurements and absence of any impurity phase in thin film sample shows the clear evidence of 
ferromagnetism in our (ZnO)1-x(MnO2)x thin films, due to formation of ZnMnO phase, grown at 
room temperature.  
 
Conclusions 

(ZnO)1−x(MnO2)x thin films for  x ≤ 0.07  were deposited successfully by PLD at room 
temperature conditions and are found to exhibit room temperature ferromagnetism. The XRD 
spectra of pellets, used for thin film deposition, show peak shift along the most preferred (101) 
ZnO diffraction plane which confirmed the substitution of Mn ion in ZnO lattice. The Rietveld 
refinement for all the pellets also confirmed the Mn ions substitution in ZnO lattice as inferred by 
the change in lattice parameters. The XRD analysis of PLD synthesized thin film samples show 
the formation of as-deposited (ZnO)1-x(MnO2)x polycrystalline thin films without any impurity 
phase formation. Different valance states and phases like ZnMnO formation was confirmed from 
the Gaussian peak fitting of the XPS spectra. All thin films have ferromagnetic nature at room 
temperature and their saturation magnetization is found to decrease with the increasing 
percentage of Mn. 
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