
Radiation e�ects of 200 keV and 1 MeV Ni ion on MgO single
crystal

T. Mitamura a, K. Kawatsura b,*, R. Takahashi b, T. Adachi b, T. Igarashi b,
S. Arai b, N. Masuda b, Y. Aoki c, S. Yamamoto c, K. Narumi c, H. Naramoto c,

Y. Horino d, Y. Mokuno d, K. Fujii d

a Faculty of Engineering, Himeji Institute of Technology, Himeji, Hyogo 671-2201, Japan
b Department of Chemistry and Materials Technology, Faculty of Engineering and Design, Kyoto Institute of Technology,

Goshokaido-cho, Matsugasaki, Sakyo, Kyoto 606-8585, Japan
c Japan Atomic Energy Research Institute, Takasaki, Gunma 370-1208, Japan

d Osaka National Research Institute, AIST, Ikeda, Osaka 563, Japan

Abstract

E�ects of Ni ion implantation on MgO (1 0 0) single crystals were examined by Rutherford backscattering spec-

trometry with channeling and optical absorption measurements. Ni ions with energy of 1.0 MeV and 200 keV were

implanted at room temperature in the dose range, 1 ´ 1015±1 ´ 1017 cmÿ2. By applying thermal annealing method,

recovery of the radiation induced damage was followed and the distribution and lattice location of implanted Ni ions

was analyzed. It was observed that the radiation induced defects in the as-implanted sample were formed near Ni ion

distribution, which is di�erent from the theoretical prediction by the E-DEP-1 code. After thermal annealing above

500°C, defects began to recover, and rapid recovery of the lattice order and simultaneous di�usion of implanted Ni were

observed above 1100°C until they reach full recovery at 1400°C. A part of these changing phenomena was supported by

the optical absorption measurements. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Ceramics are important candidate materials for fu-

sion reactor applications while in many other ®elds new

ceramic materials are expected to be developed. It is

important to understand growth and annihilation pro-

cess of radiation defects, since desirable physical prop-

erties of ceramics are kept unchanged, or are prolonged,

under the environment of high energy particle irradia-

tion. In addition, ion implantation is one of the impor-

tant techniques in the ®eld of modi®cation of ceramics/

insulator materials. There have been a number of studies

of MgO single crystals implanted with various ions, i.e.

energetic electrons, light atoms, alkali metal atoms, rare

gas atoms, transition metal atoms and other metals [1±

11]. For ceramic materials such as Al2O3, CaO and

MgO, radiation-induced color centers play an important

role especially in the modi®cation of properties of ce-

ramics/insulator materials as well as in the atomic dis-

order induced by ion implantation. However, few results

have been reported on the simultaneous measurements

of both vacancy- and displacements-type defects. In this

paper, we report on the radiation e�ects in MgO single

crystals introduced by energetic Ni ion implantation.

During thermal annealing treatments, the recovery of

radiation e�ects was followed and the relation between

color centers (vacancy-type defects) and lattice disorder

(atom displacement-type defects) was simultaneously

analyzed using Rutherford backscattering spectrometry

with channeling (RBS-C) and optical absorption spec-

troscopy.
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2. Experimental

2.1. Sample preparation

The cleaved MgO(1 0 0) single crystals

(10 ´ 10 ´ 0.5 mm3) were obtained from Tateho

Chemical Industries Co. The concentrations of intrinsic

impurities are as follows (in ppm): Al(60), Ca(70),

Cr(13), Co(3), Fe(120), Mn(9), Ni(3), and other impu-

rities (<30 ppm in total). Using the 3 MV tandem ac-

celerator or the 400 kV ion implanter at the TIARA

facilities of JAERI, Takasaki, 58Ni� ions with energies

of 1.0 MeV or 200 keV were implanted at room tem-

perature in the dose range of 9.2 ´ 1014±9.2 ´ 1016 cmÿ2.

During the ion implantation, the degree of vacuum of

the target chamber was kept at about 1 ´ 10ÿ5 Pa, and

the beam current was kept at about 1 lA cmÿ2 in order

to avoid thermal e�ects. The thermal treatments of the

samples were performed in an atmosphere of Ar gas ¯ow

at temperatures ranging from 100°C to 1400°C for 1 h.

2.2. Measurements

RBS-C measurements were carried out so as to ex-

amine the radiation damage, the implantation pro®le,

and the lattice location of implanted ions, using 4He�

ion as a probe; 1.6±2.0 MeV 4He� ions accelerated by

the 2MV van de Graa� accelerator at Osaka National

Research Institute, Ikeda, and 2.5±3.0 MeV 4He� ions

accelerated by the 3 MV single-ended accelerator at the

TIARA facilities of JAERI, Takasaki.

In RBS-C spectroscopy, when aligning the incident

ion beam with a crystal axis or plane (channeling), the

channeled ions not only reduce their probability of in-

teractions with the atomic nuclei of the crystal but also

change their interaction with the electrons of the crystal,

resulting in a decrease in the number of the backscat-

tered particles. The number of the backscattered parti-

cles increase when the crystal is rotated so that the

incident ions view the crystal as a random collection of

atoms. These aligned yields and random yields of the

backscattered He ion are used to estimate disorder of the

crystal lattice. The backscattered He ion energy depos-

ited in the detector is given by subtracting the absorbed

energy from the incident He ion energy. The absorbed

energy is the sum total of the energy loss due to the

stopping power of target material for He ions and the

transferred energy in collision between He ion and target

atoms, Hence, information of the lattice disorder and

the position of the target atoms in the solid is derived by

RBS spectrum analysis. Details of the analyzing meth-

ods of the RBS-C spectrum can be found elsewhere [12].

For the samples implanted with 200 keV Ni ions,

optical absorption spectroscopy was applied to measure

color centers with the use of a spectrophotometer

(Hitachi 200-20) in the wavelength range from 200 to

850 nm at room temperature. An unimplanted MgO

sample served as a reference. The concentration of color

centers was estimated by Dexter's form of Smakula's

equation [13].

3. Results and discussion

3.1. MeV Ni ion implanted MgO(1 0 0)

3.1.1. RBS-C spectra

The random and the aligned RBS spectra for the 1.0

MeV Ni� ion as-implanted MgO(1 0 0) are shown in

Fig. 1, together with the aligned RBS spectrum for the

unimplanted region of the same sample. The implanta-

tion dose was 9.2 ´ 1016 cmÿ2. These spectra were ob-

tained with the use of 3.0 MeV He� ion as a probe.

Arrowheads in the ®gure indicate the elements at sur-

face. The minimum yield vmin (the ratio of the aligned

yield to the random yield) for Mg at the unimplanted

region is 0.03, which means that the MgO(1 0 0) single

crystalline sample is of a high enough quality to study

radiation-induced e�ects. What is evident on comparing

the two aligned spectra is that, after ion implantation,

radiation induced damage is very weak at the surface

region and considerable damage can be seen around the

Ni ion range (~500 nm). From spectrum analysis, it is

observed that 27% of the implanted Ni ions are located

at the substitutional position of crystal lattice and,

especially at the depth of 500 nm, 20% of them are

substitutional.

Fig. 1. RBS-C spectra for the as-implanted MgO with a dose of

9.2 ´ 1016 cmÿ2 of 1.0 MeV Ni� ions together with the aligned

spectrum for unimplanted region. RBS-C spectra were mea-

sured by using 3.0 MeV He� ions.
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Fig. 2 shows comparison of the calculated implan-

tation pro®le of 1.0 MeV Ni ions and damage pro®le

with the experimental results. The theoretical calculation

was performed by using the E-DEP-1 code [14]. The

implantation pro®le is a nearly Gaussian distribution

with a maximum concentration of 4 at.% at a depth of

500 nm (see Fig. 2(a)). The full width at half maximum

(FWHM) of the Ni atom pro®le is 340 nm for the ex-

perimental result, and 250 nm for the calculated one. No

appreciable di�erence can be seen between the two

pro®les. Fig. 2(b) shows comparison of the disorder

pro®le with the theoretically calculated dpa (displace-

ment per atom) pro®le. A discrepancy exists between the

two pro®les. The calculated dpa at the surface, at 380

and 800 nm are 55, 104, and 0, respectively. However,

amounts of the disorder for Mg atoms are 2 ´ 1021,

1.8 ´ 1022, and 1 ´ 1021 cmÿ3 at the corresponding

depth. The calculated dpa has a maximum at a depth of

about 380 nm and has almost the same value of 60 at

100 and 500 nm, while a large di�erence is observed

between the amounts of disorder at these depths. The

disorder at 500 nm is about one order larger than that at

100 nm. The calculated dpa at 380 nm is about twice as

large as that at 500 nm, but the disorder at 380 nm is

almost the same as that at 500 nm. These experimental

results suggest that the disorder of Mg atoms is

correlated with the distribution of the implanted Ni at-

oms rather than the dpa induced by incident Ni ions.

3.1.2. Dose dependence on disorder for Mg atoms

In the case of 1.0 MeV Ni� ion implantation, the

dose dependence of the disorder in the Mg sublattice at

depths of 100 and 500 nm are shown in Figs. 3 and 4.

The depth of 500 nm corresponds to the average range

of 1.0 MeV Ni� ions. From Fig. 3, it can be seen that the

disorder for the Mg atoms at 100 nm increases linearly

from 0.2 ´ 1022 to 0.25 ´ 1022 cmÿ3 with increase of Ni

ion implantation dose from 9.2 ´ 1014 to 9.2 ´ 1016

cmÿ2, while, at 500 nm, the disorder rapidly increases in

the initial stage of Ni ion implantation and shows the

saturation trend up to a dose of 2 ´ 1016 cmÿ2.

It is interesting to see Fig. 4, because the observable

disorder for Mg atoms starts at a 1.0 MeV Ni ion dose

of 2 ´ 1013 cmÿ2. For the 200 keV Ni ion implanted

sample, the disorder at a depth of 250 nm, that is the

average range of implanted Ni ions, increases with the

increase in ion dose and has a maximum at a dose of

about 5 ´ 1016 cmÿ2.

3.1.3. Annealing behavior of disorder and implanted Ni

atoms

The thermal annealing behavior of radiation induced

damage and implanted Ni ions was investigated. For the

sample implanted with 1.0 MeV Ni ions to a dose of

9.2 ´ 1016 cmÿ2, the annealing behavior of the disorder

in the Mg sublattice and the substitutional fraction of Ni

ions are shown in Fig. 5. The solid circle and the open

square indicate the disorder in the Mg sublattice at 100

and 500 nm, respectively. The substitutional Ni fraction

is indicated by a double circle. The disorder of Mg at-

oms at 100 nm decreases slowly with the increase in

Fig. 2. Implantation pro®le (a) and radiation damage pro®le (b)

for MgO(1 0 0) implanted with a dose of 9.2 ´ 1016 cmÿ2 of 1.0

MeV Ni� ions. Ni pro®le(d) and disorder pro®le(s) obtained

for RBS-C measurement. The solid line represents calculated Ni

and DPA pro®les by using E-DEP-1 code.

Fig. 3. The dependence of the disorder for Mg atoms on Ni ion

dose in linear scale at the depth of 100 and 500 nm.
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annealing temperature. On the other hand, the disorder

of Mg atoms at 500 nm shows no appreciable change

after 500°C annealing. It decreases slowly during 500±

1000°C annealing, and then it decreases sharply after

1100°C annealing. The Mg sublattice is rapidly ordering

due to the redistribution of displaced Mg atoms in the

cation vacancies. After annealing at 1400°C, the disor-

der for Mg atoms at 500 nm is completely recovered.

We compare the thermal annealing behavior for the

implanted Ni ions with that for Mg at the same depth of

500 nm. After implantation, 20% of the Ni ions are lo-

cated at substitutional sites. This fraction is not changed

during the annealing treatments from 500°C to 800°C.

But after annealing at 1000°C, the fraction decreases

temporarily from 20% to 10%. This result is similar to

the result obtained by Perez et al. [5]. After 1100°C

annealing, the displaced Mg atoms begin to locate at

MgO lattice order sites and a simultaneous increase in

the fraction of the substitutional Ni ions takes place.

The fraction reaches about 67% after 1200°C annealing.

Fig. 6 shows the distribution pro®les of Ni atoms. In

the case of the 1200°C annealing sample, the Ni ion

pro®le cannot be totally observed because 1.8 MeV He

ions were used as a probe. The Ni ions probably di�use

to the inner region with a depth in excess of 500 nm.

After 1100°C annealing, the implanted Ni ions are

considered to occupy substitutional sites by forming

NiO, which, like MgO, has a NaCl type structure. At the

same time the disorder for Mg recovers (see Fig. 5).

After annealing at 1400°C, most of the implanted Ni

ions di�use to the whole region of the crystal, resulting

in a low ¯at distribution as shown in the spectrum.

3.2. 200 keV Ni ion implanted MgO(1 0 0)

3.2.1. Optical absorption spectra

Optical absorption measurements were carried out

for the 200 keV Ni implanted MgO(1 0 0) crystal. The

variation of spectra with the Ni doses between 1.6 ´ 1015

and 8.0 ´ 1016 cmÿ2 is presented in Fig. 7. The absorp-

tion band at near 250 nm is identi®ed with an F-type

center. Krappers et al. [15] have shown that the 250 nm

absorption band is composed of two close bands, i.e. an

F center (246.5 nm), and F� center (250.0 nm). A Vÿ

center (570 nm), F2 center (350 nm), and Fe3� impurity

center (220 nm) are observed. The spectra show F-type

and Vÿ centers increase with the increase of Ni ion dose,

and aggregate centers appear at a high Ni ion dose.

Fig. 6. The implantation pro®le of MgO(1 0 0) implanted with

a dose of 9.2 ´ 1016 cmÿ2 of 1.0 MeV Ni� ions after thermal

annealing. The solid line gives the Ni pro®le of as H implanted

sample: 1100°C annealing (}), 1200°C annealing (d) and

1400°C annealing (´).

Fig. 5. The disorder in the Mg sublattice at a depth of 100 nm

(d) and 500 nm (h), and the substitutional fraction of Ni ions

at a depth of 500 nm ( ) after thermal annealing treatments for

MgO(1 0 0) implanted with a dose of 9.2 ´ 1016 cmÿ2 of 1.0

MeV Ni� ions.

Fig. 4. The dependence of the disorder for Mg atoms on Ni ion

dose in log scale at the depth of 100 and 500 nm.
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3.2.2. Dose dependence and annealing behavior of vacancy

type defects

Using the Dexter's formula of Smakula [13], the

concentrations of F-type and Vÿ centers are estimated in

Fig. 8. The concentration of both centers increases with

an increase in the dose and reach maximum values for a

dose of around 5 ´ 1016 ions/cm2 and then decreases

above it. At the maximum, the concentration of F-type

and Vÿ centers are 4.8 ´ 1021 and 6.5 ´ 1020 cmÿ3,

respectively. This tendency was also observed, not

shown here, in the dose dependence of the disorder for

Mg atoms obtained by RBS-C for 200 keV Ni implanted

samples. Previous results also show the same tendency

that the concentration of the both F-type and Vÿ centers

increases with an increase in the dose and reach a

maximum for a dose of around 2±4 ´ 1016 cmÿ2 and

decrease above it [3±5].

The annealing behavior of the optical absorption

spectra were measured for Ni implanted MgO samples

at temperatures between 300°C and 500°C. The F-type

centers start to vanish after 500°C and the Vÿ center,

after 400°C annealing. The F2� center (470 nm) and

Fe3� absorption band (310 nm) increase sharply from

300°C and reach the saturation level, while the disorder

for Mg atoms measured by RBS-C did not change.

4. Conclusion

An MgO(1 0 0) single crystal was implanted with 1.0

MeV and 200 keV Ni ions and the various induced ef-

fects were studied by RBS-C and optical absorption

measurements. The lattice disorder induced by 1.0 MeV

Ni implantation was strongly correlated with the dis-

tribution of the implanted Ni ions. After thermal an-

nealing above 1100°C, Ni atoms began to locate at

substitutional lattice position forming NiO and di�use.

The radiation induced e�ects were recovered after

1400°C annealing. Color centers induced by 200 keV Ni

ion implantation were assigned as F-type and V± centers

by optical absorption measurements. Implantation dose

dependence of the color center concentration shows a

similar tendency to the results obtained by RBS-C

measurements.
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