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Abstract: We present the structural, morphological and magnetic properties of low-energy Co
doped and annealed ZnO single crystals.Dynamic-TRIM calculations predict a mean projected
range of 10-16 nm resulting in Co concentration of 12-24 atomic % in the surface layer of ZnO.
Rutherford backscattering spectrometry in channeling condition (RBS/C)revealed that the Co
implanted ZnO remains partially crystalline even for the highest fluence of 1 × 1017 ions cm-2.
Raman spectroscopy results showed a broad implantation induced disorder from 520 to 600 cm-

1 along with a peak from A1(LO) mode of ZnO. A secondary phase observed in XRD is
attributed to the Cobalt oxide. AFM analysis showed cluster formation at the surface in the Co
implanted ZnO single crystals annealed at 700 oC for 60 min. under high vacuum. SQUID
measurements at 5 K of Co ion implanted and annealed samples exhibited ferromagnetic
properties.
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Introduction

Dilute magnetic semiconductors (DMSs) have attracted significant attention due to their potential
application in spintronic devices. Mn doped GaAs remained the most understood DMS system where spin
polarization between magnetic moment is established by delocalized holes 1. Since the prediction of room
temperature ferromagnetism in zinc oxide (ZnO) based DMS systems, Co doped ZnO (ZnO:Co) was
intensively studied. Co doped ZnO has been a potential candidate due to its large solubility into the host matrix.
Various solubility limits have been reported in the literature 2-4. Different growth techniques have been used to
fabricate the Co:ZnO films such as radio-frequency (rf) magnetron sputtering 5, pulsed laser deposition (PLD)6,
molecular beam epitaxy (MBE)7, sol-gel synthesis 8 and ion implantation 4,  9. The ion implantation technique is
well-known method to introduce the dopant elements into the matrix of host substrates at desired depth and
precise concentration. However, it may causeion beam induced disorder, and subsequent annealing can lead to
formation of Co secondary phases and the formation of super-paramagnetic clusters of consist of Zn, Co and O
9,10. Consistent observation of ferromagnetism in Co:ZnO remains elusive as the precipitation of secondary
phases and nanocrystalline clusters can significantly influence the magnetic interactions in the material.

High-dose doping ofZnO has been attempted in order to understand the magnetic ordering mechanism
in the material 11-13. Lee et al11 performed first-principles spin-density functional calculations on Co doped ZnO
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and found that high concentration of Co doping is necessary to establish the ferromagnetic ordering mediated
by the electron carriers. However, Heoet al.12 studied heavily doped Mn into ZnO and reported that the high
concentration doping alone cannot result in ferromagnetic ordering which is significantly affected by the quality
of the film and intrinsic defects. Moreover, high concentration doping has been shown to form metallic clusters
and precipitation of secondary phases 13. Additionally, annealing process may also affect the formation of
metallic clusters and secondary phases altering the nature of magnetic ordering in the film 14. Annealing is
usually required in ion implanted films to recover their crystalline quality and activate the charge carriers 15. In
this paper, we present a study of low-energy Co ions implanted into ZnO single crystals with high-dose and
subsequent annealing effects on their structural, morphological and magnetic properties. High-dose
implantation and annealing appear to have significant contributions towards the precipitation of Co oxide (CoO)
secondary phase.

Experimental

Co+ ions were doped into ZnO (0001) single crystals (Semiwafer Inc.) using the GNS Science ion
implanter facility with ion energies between 20 and 40 keV[16]. DYNAMIC-TRIM 17 calculations were
performed to obtain the projected ion range and its concentrations into ZnO. The calculations give the projected
range between 10 and 16 nm for fluencesranging from 2.6 × 1016 to  1.0  ×  1017ions cm-2resulting  in  Co
concentrations of 12to 24 atomic % at the surface layer. Annealing in a vacuum of better than 10-6 mbar was
performed between 650 and 700 oC  from  30  to  90  min.  The  ion  beam  analysis  technique  Rutherford
backscattering spectrometry in channeling condition (RBS/C) was used to investigate the crystalline nature of
Co implanted and annealed ZnO18.  2.0  MeV  He+ ions impinged the samples under normal incidence with a
typical current density of 15 nA cm-2 19. The backscattered ions were measured by surface barrier detector
placed at backscattering angle of 165o. Structural properties were examined by XRD using Cu Kα radiation and
Raman spectroscopy. Raman spectroscopy measurements were conducted using Ar+ laser (λ = 514 nm) and the
spectra were collected at backscattering geometry using liquid nitrogen cooled CCD. The surface morphology
of Co implanted and annealed ZnO samples were analyzed with atomic force microscopy (AFM) in contact
mode. A Superconducting Quantum Interference Device (SQUID) was used to carry out the magnetic
measurements with the applied field parallel to the sample surface 20.

Results and Discussion

RBS/C was employed to study the crystalline quality of ZnO single crystals upon Co implantation and
annealing. Figure 1 shows the random and [0001]-aligned RBS spectra for 2.6 × 1016 Co cm-2 implanted and
650 oC annealed ZnO single crystals. The minimum yield (χmin), defined as the ratio of RBS backscattering
yield in channeled to random conditions, for Zn is found to be around 55.2% which decreased to around 28.5%
upon annealing the sample at 650 oC.For 1.0 × 1017 Co cm-2 implanted and 700 oC annealed ZnO single crystal
Zn minimum yield was found to be around 68%. The lower values of Zn minimum yields suggest that the layer
is partially crystalline upon Co implantation and annealing. Similar trend was observed forZnO implanted with
heavier elements such as Gd[18] indicating high radiation tolerance of ZnO.

Fig. 1: Random and [0001]-aligned RBS spectra for 2.6 × 1016 Co cm-2 implanted and 650 oC annealed ZnO
single crystals.
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Structural properties of Co implanted and annealed ZnO were investigated using Raman spectroscopy.
Figure  2  illustrates  the  Raman  spectra  of2.6  ×  1016 Co  cm-2 implanted and 650 oC annealed ZnO single
crystals.Typical Raman peaks attributed to wurtziteZnO were observed at around 438 cm-1 originating from
E2(high) mode. The 2E2(M) peaks were also observed in all the samples which are associated with the second
order scattering in ZnO. Raman peak at around 576 cm-1 is attributed to the A1(LO) mode of ZnO, which
overlaps a broad peak from 520 to 600 cm-1 in as-implanted sample. The broad peak is significantly reduced
upon annealing the sample at 650 oC for 30 min. Further annealing for longer duration (90 min.) had no
additional impact suggesting annealing the sample at 650 oC for 30 min. was sufficient to recover the
implantation induced disorders in ZnO. Similarbehavior was also observed in rare-earth implanted ZnOsingle
crystals [18]. Broad peaks in the 520 to 600cm-1 region are often reported in ion implanted ZnOand they appear
to match the phonon DOS indisordered ZnO21, 22. Additionally, intrinsic defects such asoxygen vacancies are
also shown to increase the Ramanscattering from the whole Brillouin zone along with resonant Raman
scattering which result in enhanced A1(LO) peak 22

Fig. 2: Raman spectra of 2.6 × 1016 Co cm-2 implanted and 650 oC annealed ZnO single crystals.

X-ray diffraction was used to investigate the crystalline phase and the orientation. The X-ray diffraction
pattern of 4.5 × 1016 and 1.0 × 1017 Co cm-2 implanted and 700 oC annealed ZnO single crystals are shown in
Fig. 3. The major XRD peaks near 31.3 and 34.6º are associated with the reflection from (001) and (002) planes
of ZnO23. There is an additional XRD peak observed at around 42.7º for 1.0 × 1017 Co  cm-2 implanted and
annealed ZnO which is related to diffraction from (200) plane of CoO. No other peaks corresponding to Co
and/or related complexes were observed.Moreover, ZnO XRD peakin 1.0 × 1017 Co  cm-2 implanted and
annealed ZnOwas found to be shifted slightly towards the higher angle suggesting that the highest dose
implantation and annealing resulted in a small compressive stress. The Scherrer formula, d=0.9λ/(βcosθ), where
λis the X-ray wavelength, θ the Bragg angle and β the FWHM of 2θ in radians, indicates a crystalline size of
around 31.7 nm for 1.0 × 1017 Co cm-2 implanted and annealed ZnO.

Fig. 3:XRD spectra of (a) 4.5 × 1016 and (b) 1.0 × 1017 Co cm-2 implanted and 700 oC annealed ZnO single
crystals.
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AFM analysis was performed to study the morphological alterations caused by the ion implantation
process and the annealing procedure.The un-implanted ZnO surface is relatively smooth with root mean square
(rms) surface roughness of 0.8 nm and upon Co implantation the rms value increases up to 1.4 nm. However,
with annealing at 700 oC for 60 minutes the surface roughness increases up to 7.4 nm as shown in Fig. 4. The
high dose implantation and annealing tend to enhance the coalescence of small grains to form bigger grains
which results in the formation of Co clusters and/or secondary phases.

Fig. 4: AFM images of (a) 4.5 × 1016 and (b) 1.0 × 1017 Co cm-2 implanted and 700 oC annealed ZnO single
crystals.

Magnetic properties of Co implanted ZnO were studied using SQUID magnetometer. Figure 5 shows a
representative field dependent magnetic moment curveobtained at 5 K for a 1.0 × 1017 Co cm-2 implanted and
700 oC annealed ZnO single crystal. It is evident from the Fig. 5 that the sample showed ferromagnetic
behavior. The curve gives a saturation magnetic moment of 0.38 µB per implanted Co ion. If all the Co ions are
in cluster form then the calculated magnetic moment per Co ion is 1.6 whereas the magnetic moment per ion of
Co2+ in high spin state is 3 µB /Co 10, 24. The low magnetic moment has been associated with anti-ferromagnetic
coupling in Co-O-Co system 25. The anti-ferromagnetic coupling of CoO below 289 K 26 may contribute
significantly to suppress the magnetic moment in ZnO:Co systems.

Fig. 5: M(H) curve for a 1.0 × 1017 Co cm-2 implanted and 700 oC annealed ZnO single crystal.
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Summary

We have investigated the structural, morphological and magnetic properties of Co ions implanted with
high-dose into ZnOsingle crystals. RBS/C results revealed that high-dose doping of Co into ZnO still retains the
partial crystalline quality suggesting high radiation resistance of ZnO. Raman spectroscopy results showed a
broad peak around A1(LO) peak resulting from  implantation  induced disorders which is recovered upon
annealing the sample. An XRD reflection from cobalt oxide CoO (200) planes was observed in the higher dose
implanted and annealed sample which might arise from the oxidation of Co nanocrsystals. AFM analysis
reveals the formation of a nanostructured surface. A low magnetic moment per Co ion is observed which is
attributed to antiferromagnetic coupling in Co-O-Co, Co nanoclusters and/or secondary phases.
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