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Abstract 
 
Magnetization is produced in samples of ZnO by implanting krypton ions. Krypton is 

chemically inert hence the magnetization is the consequence of the radiation damage that 

occurred due to the implantation process. We have found magnetizations as large as 185 

emu/cm3 at room temperature which corresponds to a moments of ~40 Bohr magnetons per 

implanted krypton ion. Results are compared for implantation into different ZnO samples, O 

and Zn polar thin films and thin ZnO crystal wafers. The structure of the films has been 

investigated using RHEED, AFM, XRD and EXAFS. The O-polar film grew in a layer-by-

layer mode and after implantation, its lattice spacing increased and the grain size decreased 

which indicated that the Kr atoms had been incorporated into the lattice. In contrast the Zn-

polar film grew in Stranski-Krastanov mode and its lattice spacing and grain size were almost 

unchanged by the implantation indicating that the Kr atoms were in the grain boundaries.  

Raman scattering is used to characterize the radiation damage and to identify scattering from 

amorphous regions in grain boundaries and the scattering from point defects. The largest 

magnetization is found in the O-polar ZnO films where there is a marked grain fragmentation, 

leading to an increase in the volume of the sample occupied by grain boundaries.  The increase 

in the numbers of point defects, which were identified by Raman scattering for films of both 

polarity, was less effective at producing a magnetic signal than the grain boundaries. 
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1. Introduction 

ZnO-based dilute magnetic semiconductors (DMS) have attracted much attention over the 

past decade for potential application in spintronic devices [1-3]. Many papers report that the 

inclusion of transition metal (TM) dopants in ZnO leads to room temperature (RT) 

ferromagnetism [2,3]. Magnetism has also been observed in non-TM or un-doped ZnO, this is 

a new area of research, defect induced ferromagnetism, or d0 ferromagnetism [4-8]. ZnO is 

nonmagnetic when it is stoichiometric and its conductivity is very low. It has been shown to 

exhibit d0 magnetization when it has been grown with a large excess of oxygen and this has 

been attributed to Zn vacancies which are acceptors [9-11] but it is also magnetic when it is 

grown oxygen deficient and then the magnetization is attributed to oxygen vacancies and the 

conductivity is n-type [12-14].  Coey et al. proposed that the magnetism is due to a shallow 

impurity band that could split spontaneously, if it was sufficiently narrow, and that the 

temperature dependence of the magnetization would be as described by Stoner theory leading 

to a very high transition temperature [15, 16]. Some authors have considered that this impurity 

band arises from point defects [8] but others have argued that it originates at grain boundaries 

[17-19]. Our results point clearly to the importance to magnetism of the grain boundaries in 

our samples of ZnO.  

Ion implantation is a non-equilibrium and reproducible method to introduce defects into 

crystalline materials. Accelerated ions will leave a trail of atoms displaced from their 

equilibrium lattice sites, thus creating vacancies, interstitials or antisites which both donors and 

acceptors [20] before they finally come to rest. The distribution and concentration of the defects 

can be controlled by varying the ions energy and dose. 

ZnO has the wurtzite structure with a lack of inversion symmetry along the c-axis so that 

ZnO has opposite polarization faces along this direction which are Zn-polar ZnO(0001) and O-

polar ZnO( ). The two polar surfaces are reported to give structurally and chemically 

different films [21]. The surface porosity and ability to absorb impurities of the O-polar films 

has led to their use in catalysis [22-24]. Our previous work showed that magnetism was 

observed for As implanted in O-polar, but was very weak in Zn–polar films [25]. Arsenic is a 

group five element that has been considered as a candidate for hole doping in ZnO due to the 

formation of a magnetic (AsZn-2Znv) complex [26]. This work describes the magnetic effects 

of defects produced solely by radiation damage and not by chemical bonding as the Kr atom is 

inert. We report on a series of experiments of implantation of 300 nm thick polar ZnO films 

that were grown on sapphire substrates using a radio frequency plasma-assisted molecular 

0001
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beam epitaxy (MBE) system and also on commercially sourced polar ZnO single crystals with 

thickness of 0.5mm. The polar crystals have one O-polar and one Zn –polar face and both faces 

were implanted and studied in what follows. 

 

2. Experimental details 

A RF plasma-assisted MBE system (OmniVac) was used to grow high quality O and Zn 

polar ZnO films of 300nm on sapphire substrates. Sapphire substrates were exposed to an 

oxygen plasma (270W/1.5sccm) at 500 ℃ for 30 mins to obtain a uniform oxygen-terminated 

surface [27]. After that, a thin MgO buffer layer was prepared at 500 ℃, which was followed 

by a ZnO buffer layer and an epilayer growth at 450℃ and 650 ℃ respectively. It was found 

that an ultrathin rocksalt-MgO buffer layer leads to O polar ZnO while a thick wurtzite-MgO 

results in Zn polar ZnO [27]. The in-plane epitaxial relationship and surface morphology 

evolution were monitored in situ by reflection high-energy electron diffraction (RHEED). Kr 

ions were also implanted into commercial ZnO wafers that were 0.5mm thick.  These wafers 

been prepared with O-polar and Zn-polar surfaces by Hefei Kejing Materials Technology CO., 

LTD . High quality krypton ions were introduced into the O-polar and Zn-polar ZnO films and 

wafers by using ion implantation. A sequence of four implantation energies (200KeV, 150KeV, 

80KeV, and 30KeV) was used to produce a nearly even distribution of Kr ions throughout a 

thickness of about 70 nm in the samples. Three concentrations of 5×1019, 1×1020, and 5×

1020 cm-3 for Kr ions were implanted and studied in this paper. X ray diffraction (XRD) and 

Raman spectroscopy measurements have been carried out to characterize the implantation 

induced disorder in ZnO films and crystals. The position of the Kr in the lattice was observed 

directly using extended x-ray absorption fine structure spectroscopy (EXAFS) taken at 

beamline 20-BM at the Advanced Photon Source using fluorescence detection with a 13-

element Ge detector and a Si (111) monochromator. Atomic force microscopy (AFM) was used 

to show the evolution of the surface morphology of polar ZnO films after implantation.  The 

magnetic properties were characterized using a superconducting quantum interference device 

(SQUID) magnetometer. The magnetization of the Kr doped films was found by subtracting 

the signal measured for the undoped ZnO films on the substrate from that obtained for the 

implanted film. 
 

3. Results and discussion 

Figures 1 (a) and (b) show the RHEED patterns during the growth of O polar and Zn polar 

ZnO films on Al2O3(0001) substrates, taken along the	[1010] azimuth of sapphire substrate. 
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An ultrathin rocksalt-MgO buffer (<1 nm) layer leads to O polar ZnO with very flat surface 

morphology and grown in a layer-by-layer mode, as is confirmed by the sharp streaky RHEED 

pattern in Fig. 1(a) for ZnO epilayer. A thick wurtzite-MgO results in Zn polar ZnO, which is 

grown in a typical Stranski-Krastanov mode. The in-plane epitaxial relationship for polar ZnO 

films are ZnO [1120]  //Al2O3 [1010]  and ZnO [1120] //MgO [1120] //Al2O3 [1010] , 

respectively. 

 

 
Fig.1 The RHEED pattern evolution during the growth of O polar (a) and Zn polar (b) 

ZnO films on Al2O3(0001) substrates, taken along the 	[𝟏𝟎𝟏𝟎]  azimuth of sapphire 

substrate. 
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The Kr ions were implanted at sequences of four implantation energies (200KeV, 150KeV, 

80KeV, and 30KeV) so as to produce a nearly even distributions of Kr ions throughout ~70nm 

of the films, the dose at each energy is given in Table 1. The implantation dose was chosen to 

give concentrations of 5×1019/cm3, 1×1020/cm3 and 5×1020/cm3 in a range 10<x <70 nm from 

the surface of the sample as indicated in figure 2.  

Table 1 The implantation parameters: energies, doses and concentrations  

 

 Energies Dose（Φ） 
Concentration 
of Kr at chosen 

depth 

 

200KeV,  
150KeV, 
80KeV, 
30KeV 

2.5×1014 cm-2, 
5×1013cm-2, 
7.5×1013 cm-2, 
5×1013 cm-2 

5×1019cm-3 

200KeV,  
150KeV, 
80KeV, 
30KeV 

5×1014cm-2, 
1×1014cm-2, 
1.5×1014cm-2, 
1×1014cm-2 

1×1020cm-3 

200KeV,  
150KeV, 
80KeV, 
30KeV 

2.5×1015cm-2, 
5×1014cm-2, 
7.5×1014cm-2, 
5×1014cm-2 

5×1020cm-3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 2 (color online) The summed implants distribution profiles of Kr ions; showing 

quasi uniform concentrations of 5×1019/cm3 ,1×1020/cm3, and 5×1020/cm3 at depths 

10<d<70nm. (Implanted using sequence of four implantation energies.) 
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XRD patterns were obtained from the undoped and Kr implanted polar ZnO films and 

crystals in q-2q geometry. All the samples exhibit a single phase with a typical wurtzite 

structure with only ZnO (0002) and (0004) diffraction peaks observed demonstrating that the 

c-axis was oriented out of plane.  The diffraction peaks from the sapphire substrate, marked as 

S were observed but no secondary phases were detected when the data was examined on a log 

scale. Fig. 3(a) shows the XRD patterns for the Kr doped O-polar ZnO films. The enlarged 

ZnO (0002) peaks is shown in Fig.3 (b) which illustrate that the diffraction peaks shift towards 

lower angle with an increase of doping concentration for Kr doped O polar films, demonstrating 

that the c lattice parameter undergoes an obvious expansion after implantation. The lattice 

parameters and the full width of half maximum (FWHM) of ZnO(0002) are given in Table II  

for the O and Zn polar films and both faces of the wafers obtained from XRD. The increase of 

FWHM with implantation is an indication of grain fragmentation because of the large lattice 

expansion caused by Kr incorporation. The O-polar films show the largest increase of FWHM 

and grain fragmentation after Kr doping larger than 5×1019cm-3. The grain sizes after Kr 

implantation were estimated for the polar films. As it is not valid to calculate the grain size by 

the Scherrer formula when the value is larger than 100 nm, we did not give the results for the 

undoped films and all the wafers, as they are all greater than 100 nm from Scherrer formula 

calculation. The large lattice expansion and small grain size in the Kr doped O polar films 

imply that a large fraction of the implanted Kr atoms go into the grains for O polar films. Their 

absence for the Zn-polar films show that the majority of Kr is located in the grain boundaries 

for Zn polar films.  It is possible that the large lattice expansion has caused the fragmentation 

of some grains so the average grain size is reduced. The island surface structure, as is evidenced 

by RHEED, observed for the Zn polar film that cause the implanted Kr ions go into the grain 

boundary. The AFM images shown in Fig. 4 also confirm the flat surface morphology of 

undoped O polar ZnO and the island structure for Zn polar film. An obvious granulation of O 

polar films is observed with the increase of the Kr concentration. Relative small changes were 

observed for the Zn polar ZnO after implantation which was consistent with our observation 

that the Kr ions were in the grain boundaries in Zn polar films.  
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FIG. 3 (color online) (a) and (b) the XRD data for the O-polar film showing (a) all 
reflections (the XRD peaks marked as S are from the Al2O3 substrate) and (b) an enlarged 
plot of the ZnO(0002) reflection (using a log scale)  (c) and (d) EXAFS data for 5×1020 

cm-3 Kr doped O polar and Zn polar ZnO films; (c) a plot of  and (d)   
 
 

Table II The calculated lattice constants, FWHMs and grain sizes for the ZnO films 

and wafers. 
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Lattice constant (±𝟎. 𝟎𝟎𝟐Å) FWHM(±0.005Degree)/Grain size 
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films 
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Zn polar 
films 

    >100  
 

97 
 

91 

Doped 
O polar 
wafers  

5.205 5.207 5.208 5.207 0.0634 
 

0.0824 0.0832 0.0778 

Doped 
Zn polar 
wafers 

5.205 5.207 5.208 5.208 0.0659 0.0687 0.0785 0.0778 

 

 

(a)   O polar film                          (b)     Zn polar film     
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Fig. 4 The evolution of surface morphology shown by AFM for O polar (a) and Zn polar 

(b) ZnO films in 2 µm×2 µm, with Kr concentration from zero (undoped) to 5×1020 cm-3. 

The position of the Kr in the lattice was observed directly using EXAFS data shown in 
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Fig. 3 (c) and (d). This data was taken at beamline 20-BM at the Advanced Photon Source 

using fluorescence detection with a 13-element Ge detector and a Si (111) monochromator. 

Data collected in two separate runs were consistent, and the Fig. 3(c) shows the summed data 

from these runs. The EXAFS from both samples was very weak indicating the Kr atoms are in  

disordered sites.The small EXAFS amplitude made accurate background subtraction 

important.Kr has strong multi-electron features in the background that were removed by 

subtracting the background determined from Kr gas. The gas has the multi-electron background, 

but no EXAFS. The low R features in the transforms are the residuals of this background. There 

is a clear difference with the Zn polar sample having a smaller amplitude, which means more 

disorder and/or fewer neighbors in Zn polar samples. This is consistent with our XRD results 

that show the Kr atoms go to the grain boundary for the Zn polar films and into the grains for 

O polar film, resulting in a more disorder and/or few neighbors in Zn polar ZnO.  Measurements 

were also taken of the Zn near edge absorption.  Obviously, this measured all the Zn atoms in 

the film including those in the un-implanted region. There was no significant difference 

observed when the doped O polar film was compared with the doped Zn polar film (the data is 

shown as additional material). This indicates that we have no clear evidence that the defects 

that were formed increased or decreased the Zn ionization although the presence of the 

magnetism certainly implies that the implanted film has charged defects.   

Raman scattering was used to identify the density of grain boundaries and point defects 

are measured by in	z(xx)𝑧̅ geometry using 514.5 nm laser excitation. Since the films were thin 

the sapphire peaks, labelled ‘S’ at 380 cm-1, 418 cm-1, 578 cm-1 and 752 cm-1, are dominant in 

Fig.5. For the undoped film, there are only two ZnO peaks, labeled with E2(L) at 101 cm-1 and 

E2(H) at 439 cm-1. The low-frequency E2 mode is associated with the vibration of the heavy Zn 

sublattice, while the high-frequency E2 mode involves the oxygen sublattice [28] and the 

absence of other peaks in the spectra from the pure films show that there were no secondary 

phases within the detection limit.   

The total Raman intensity increased greatly in the implanted films. A new strong peak 

emerged at 580 cm-1 with a possible shoulder on the low frequency side as has been seen 

previously in doped and implanted ZnO [25,28-31] but also a strong broad response between 

50 cm-1 and 300cm-1 and a signal that increased, approximately linearly from 300 cm-1 to 

500cm-1. The peak at 580 cm-1 also appears in studies of nanoparticles [32,33] and may be 

related to the two Raman signals A1(LO) at 584 cm-1 and E1(LO) at 595 cm-1 that were 

forbidden for the pure films in z(xx)𝑧̅ geometry. The broadening around 540 cm-1 is attributed 

to multi-phonon scattering due to defects. The response between 50 cm-1 and 300 cm-1 follows 
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the phonon density of states [34,35] and is attributed to the amorphous regions in the domain 

walls.  A similar signal was also seen for As implanted ZnO [25] but not for nanoparticles [32] 

implying that it is the region of the grain boundary itself rather the finite grain size that is giving 

rise to this signal.  

The signals from pure ZnO seen at 101 cm-1 and 438 cm-1 are still clearly visible in Fig. 

3(b) for the Zn–polar film but significantly weakened and broadened in Fig. 4(a) for the O-

polar film. The peak at 438 cm-1 is clearly visible in other implanted ZnO films and doped 

nanoparticles [22,29,33]. This demonstrates that O-polar films are especially prone to become 

damaged. The low energy scattering dominates the signal from the O-polar film that was found 

to have reduced grain size. The peak at ~580 cm-1 is significantly stronger for the Zn-polar film 

which implies more numerous point defects in that film although the overall crystallinity that 

has been preserved so that the Raman lines E2(L) and E2(H) remain visible. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (color online) Raman spectra for the undoped (red) and 5 ×

1020 cm-3 Kr doped 
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(blue) ZnO films. (a) O polar (b) Zn polar films and (c) M-H loops for the O-polar film 
for Kr concentrations of 5×1019 cm-3, 1×1020 cm-3 and 5×1020 cm-3 measured at 

300K and 5K (d) Magnetization of the O-polar film measured at 5K as a function 
of Kr concentration. (The magnetization was assumed to arise from the optimally 
implanted region 10<d<70nm as shown in Figure 2) 

  
Magnetism measurements were performed for both doped and undoped samples at 5 K 

and 300 K. Exceptionally large magnetic moments were observed in the O-polar films but no 

magnetic moments at all were detected in either the Zn-polar films or in the crystal when either 

of its faces were implanted with Kr.   

Figure 5(c) shows the field dependence of magnetization (M-H) curves, which were taken 

at 5K and 300K on the undoped and Kr doped O polar ZnO films.  The signal from an undoped 

ZnO film on a substrate has been subtracted from these plots and this has introduced an error 

of ±10 emu into all our measurements. No magnetization, at either temperature, was observed 

for the 5×1019 cm-3 Kr doped ZnO films but when the Kr doping concentration was increased 

to 1×1020 cm-3, obvious magnetic hysteresis loops have been observed with a saturation 

magnetization of 38 and 28 emu/cm3 at 5 K and 300 K, respectively. When the doping 

concentration is further increased to 5×1020 cm-3, very substantial temperature-independent 

ferromagnetism has been observed with the saturation magnetization of 186 and 185 emu cm-

3 at 5 K and 300 K, respectively.   

The dependence of the magnetization on the Kr concentration is shown in Fig.4(d), which 

shows that the magnetization is nearly linear with Kr concentration. The saturation magnetism, 

Ms, and the moment per implanted Kr for the O-polar films at 5 K and 300 K are shown in 

Table III.  The very large moment observed per Kr ion indicates that it has occurred during the 

implantation process rather than being associated with a local moment from the Kr substituted 

in the ZnO lattice. The lack of any observable temperature dependence of the magnetization 

for the most heavily doped film and low coercive field is characteristic of magnetization due 

to defects [15,18,36].  The film doped with 1×1020 cm-3 Kr ions had the same moment 

associated with each ion but in this case the coupling between the magnetizations in different 

defective regions is weaker leading to a reduced magnetization at 300K.  The grain sizes of 

these films, 55nm for 5×1020 cm-3 and 74nm for the 1×1020 cm-3 doped films respectively, are 

both rather larger than the critical value of ~33 nm proposed earlier [19]. The moment per Kr 

is significantly larger than that deduced for implanted As which was 27µB/As [25].     
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We have also introduced an alternative method for calculating the moment per Kr atom 

whereby we calculate the total number of Kr atoms in our films using the doses given in Table 

I.  The moment per Kr calculated from this value is significantly lower since it is assumed to 

be shared by all the Kr atoms and not just the ones in the region of highest density. This 

alternative value is 28µB/Kr which is still very much higher than might be expected to originate 

from a defect state localized at the Kr.   

 

Table III The saturation magnetism, Ms, and the moment per implanted Kr for O polar 
ZnO films at 5K and 300K.   
 

O polar film Ms (emu/cm3) Ms (µB/Kr) 

   5 K    300 K 5 K 300 K 

undoped    0       0 0 0 

5×1019 cm-3 0 ± 10 0 ± 10 0±20 0±20 

1×1020 cm-3 38 ± 10 28 ± 10 41±10 30±10 

5×1020 cm-3 186 ± 10 185 ± 10 40±2 40±2 

 

 

We have shown that the structural properties of the implanted O-polar ZnO film are 

distinct from those of the Zn-polar film and the ZnO wafer.  This was shown by the XRD and 

EXAFS that showed that the Kr was incorporated into the lattice rather than a grain boundary  

and the grain size decreased most dramatically for the O-polar film. The Raman spectra showed 

that the grain boundaries were scattering strongly for the O-polar film.  By contrast there was 

stronger evidence of point defect scattering from the Zn-polar film which was not magnetic. 

We believe that the well-known tendency of the O-polar films to absorb impurities [22-24] and 

its flat surface morphology has led to the incorporation of the Kr ions in the lattice and the large 

size of the Kr relative to zinc or oxygen has led to the strains that cause the grains to fracture 

and produce the grain boundaries that are responsible for the magnetism.  
The observed magnetization was almost independent of temperature implying that it arises 

from polarized electrons in a narrow defect band [16].  Thus we expect that the magnetism 

arises from those defects that are sufficiently close to each other to form defect bands; other 

deep isolated defects that have localized states will not play an important role. We can also 

expect that both donor and acceptor defects are formed as, for example a Zn vacancy (acceptor) 

and a Zn interstitial (donor) are formed.  



13 
 

Grain boundaries are regions where there are complex defects. A grain-boundary defect 

model has been proposed which suggests that the negative charged Zn vacancies reside on the 

grain boundary to compensate the positively charged O vacancies extending into the adjacent 

grains [37]. Positron annihilation spectroscopy (PAS) has been performed in a Doppler mode 

to characterize the negatively charged grain-boundary defect, VZn at the grain-boundary 

interface in ZnO [38]. Recent theoretical study on d0 magnetism in ZnO also show that the Zn 

vacancy tends to be attracted more easily to the grain boundaries relative to the bulk-like 

region and VZn induces spin polarization to the O sites originating from the O 2p orbitals at 

the grain boundary [39].  

In our experiment, implanted Kr ions go into the grains for O polar ZnO and introduce 

various vacancies and interstitials and a marked grain fragmentation. The Zn vacancies may 

be attracted to the grain boundary and form the defects bands which are magnetic. In this 

work, we used Raman spectra to study the defects.  Point defect can give Raman scattering at 

high wave vector, while complex defects at the grain boundary are large so can give a 

response at low wave vector. The low energy scattering dominates the signal from the O-

polar film that was high magnetic, while the peak at ~580 cm-1 is significantly stronger for 

the Zn-polar film which implies more numerous point defects in that film. Our work has 

indicated that ion implanted O-polar ZnO films are particularly prone to generate amorphous 

regions that are strongly magnetic. 

Our work has also shown that the magnetism in the boundary region at the surface of 

grains depends on how this surface is generated.  The surface of nano-particles generates almost 

no magnetism and the Raman spectrum from nano-particles is very different from that found 

from the implanted crystals [32]. We have shown that the grain boundaries that are produced 

due to ion implantation are more efficient at generating magnetism than those that have been 

observed previously [17-19] and that ion implanted O-polar ZnO films are particularly prone 

to generate amorphous regions that are strongly magnetic. 

 

4. Conclusions 
In this paper, multi-energy ion implantation has been employed to introduce different 

concentrations of krypton into different systems, O and Zn polar thin films and a thin ZnO 

crystal wafer. We have shown by the XRD and EXAFS that the Kr was incorporated into the 

lattice rather than a grain boundary and the grain size decreased most dramatically for the O-

polar film. The largest magnetization of 185 emu/cm3 at room temperature that corresponds to 
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a moment of ~40 Bohr magnetons per implanted krypton ion is found only in the O-polar ZnO 

films. This is accompanied by a marked decrease in the grain size, as indicated by XRD, leading 

to an increase in the volume of the sample occupied by grain boundaries. In contrast, the 

increase in the numbers of point defects, which were identified by Raman scattering, were less 

effective at producing a magnetic signal. We have shown that the grain boundaries that are 

produced as a result of ion implantation are more efficient at generating magnetism than those 

that have been observed previously.  Our work has indicated that ion implanted O-polar ZnO 

films are particularly prone to generate amorphous regions associated grain boundaries that are 

strongly magnetic. 
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