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ABSTRACT

Sapphire specimens of c-axis orientation were implanted at room temperature with

iron ions at energies of 1.2 and of 2 MeV to various fluences up to 8xlO16 cm"2.

The damage induced by the implantations was assessed by Rutherford backscattering

spectroscopy in random and channeling geometries. Dechanneling in both

sublattices was observed to saturate for all implantation conditions. Disorder

in the aluminum sublattice was found to increase with depth at a significantly

slower rate than in the oxygen sublattice. In the oxygen sublattice, a relative

yield, x< °f 0.80 ± 0.11 was attained at a depth of 0.1 pm and remained constant

up to the measured depth of 0.45 ^m. In the aluminum sublattice, the disorder

increased with depth and the dechanneling asymptotically approached x=0.70 ±0.04

at 0.45 pm. These results are discussed and compared with those for shallower

Fe implantations obtained by other researchers.
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INTRODUCTION

Ion implantation modifies surface-related mechanical, physical or chemical

properties of a solid by alteration of the chemical composition and introduction

of irradiation damage (e.g., collisional displacements, electronic excitation and

ionization) . The evolution of radiation-induced defects under a chemically

changing environment can result in structural defects or even in phase

instability leading to precipitation in the host lattice, phase transformation

or amorphization [1].

Amorphization of sapphire results from a complex interaction involving

point defects and chemical effects [1,2]. However, collapse of the crystalline

structure may occur during sequential implantation of Al and 0 in stoichiometric

proportions in which chemical effects should be absent [3]. The fundamental role

played by point defects is also apparent from the temperature dependence. When

performed at 77K, implantation of many atomic species in a low energy range (100

to 200 keV) produces lattice disorder which increases with increasing fluence and

amorphization occurs for fluences less than 5xlO15 era"2 [1,4]. At room

temperature, a few implanted species (e.g., Zr) induce amorphization in the low

implantation energy range at fluences slightly greater than lxlO16 cm"2 [5].

Sapphire implanted with Fe in the low energy range at room temperature

remains crystalline up to a fluence of lxlO17 cm"2 [6]. However, substantial

lattice disorder is produced in both the aluminum and the oxygen sublattices, as

revealed by Rutherford backscattering srectrometry/channeling (RBS-C). For

example, the aligned yield of the aluminum sublattice at the depth of the

implantation profile reaches about 70% of the random yield after implantation to
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a fluence of lxlO15 cm"2 and remains at this level for higher fluences [7]. In

these low-energy implantations, the profiles of the injected ions and the

displacement damage overlap to a great extent.

We report RBS-C results for sapphire implanted with high energy (1.2 and

2 MeV) Fe at room temperature. At these implantation energies, a near-surface

region is relatively free of implanted ions, but undergoes substantial

displacement damage. Therefore, the disordering effects of irradiation can be

studied nearly independently of the presence of the injected impurity atoms for

comparison with lower energy ion implantations where damage and impurity

concentration profiles are highly superimposed. High energy heavy-ion

implantations have been utilized for ion-beam-mixing of metal thin films on

sapphire in order to limit the mixing species from infiltrating the mixed layers

[8].

EXPERIMENTAL TECHNIQUES AND PROCEDURES

High-purity single crystals of a-Al2O3 with the c-axis normal to the

external surface were obtained from Crystal Systems. The samples were implanted

and analyzed at room temperature at the Oak Ridge National Laboratory Triple Ion

Beam Facility [9]. Implantations of Fe were performed to fluences of 8xlOls and

5xl()16 cm"2 with 1.2 and 2 MeV Fe ions, respectively. Sequential implantations

were done first at 1.2 MeV to a fluence of 4xlO16 cm"2, followed by either

2.5xlO16 or 5xlO16 cm"2 at 2 MeV. Sequential implantations were performed to

analyze possible effects on the initial damage layer due to the second

implantation. Concentration and damage profiles were calculated using TRIM89
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[10,11] . The mean projected ranges were calculated to be 0.57 ^m and 0.92 ^m for

the 1.2 and 2.0 MeV implantations of Fe in ct-Al2O3, respectively.

RBS-C analysis was performed with 2 MeV 4He+ ions. Energy analysis of

scattered ions was done using a surface-barrier detector stationed at a

laboratory scattering angle of 150°. Scattered-energy spectra were acquired for

<0001>-aligned and random orientations of the ion beam and target.

RESULTS AND DISCUSSION

Scattered-energy spectra for the single implantations are shown in Fig. 1.

Due to scattering kinematic factors and normal inelastic energy losses, the 1.2

and the 2 MeV Fe implantation profiles appear at scattered energies near the

aluminum and oxygen elastic scattering edges, respectively. Differences between

each pair of <C001>-aligned and random scattered energy- spectra are due

primarily to the superposition of Fe implantation profiles. Sequential

implantations gave similar scattered-energy spectra, intermediate between the

single-energy implantations due to the presence of two Fe implantation profiles.

The concentration profiles of Fe were obtained from the random scattered-

energy spectra shown in Fig. 1 by subtraction of a random scattered-energy

spectrum for an unimplanted crystal. Fig. 2 shows the experimental concentration

profile for a 1.2 MeV implantation to a dose of 8xlO15 cm"2. The mean projected

ranges of Fe were measured to be 0.45 /jra and 0.80 /jm for the 1.2 and 2.0 MeV

implantations, respectively. Both values are smaller than predicted from TRIM.

On this basis, the peak displacement damage should also be closer to the surface

than predicted.



For each sublattice, the dechanneling as a function of depth was specified

from the scattered-energy spectra of Fig. 1. The relative yield, or x» (ratio

of the <0001>-aligned to random yield at the saire scattered energy) as a function

of depth for each sublattice is shown in Figs. 3 and 4. To isolate scattering

from the oxygen sublattice, an extrapolated scattering yield for aluminum was

subtracted. Approximated implantation profiles of Fe were also subtracted.

Although some differences were noted among the various dechanneling depth

profiles, these were not statistically significant. Therefore, the maximum

amount of lattice disorder and its depth dependence are insensitive to the

implantation energy in the range from 1.2 to 2 MeV for the present fluences.

Dechanneling in the aluminum sublattice (Fig. 3) increased with depth and

asymptotically approached a value of x=0-70±0.04 at a depth of 0.45 /im.

Dechanneling in the oxygen sublattice (Fig. 4) reached a value of x=0-80±0.11 at

a depth of -0.1 /jm and remained constant up to 0.45 fim. The depths at which

these relative yields occur should be contrasted with the measured projected

ranges of 0.45 and 0.80 ,um for 1.2 and 2 MeV Fe in sapphire, respectively. The

depth profile of dechanneling in the neither sublattice correlates with the Fe

concentration depth distribution. The absence of a depth dependence and the

onset of a maximized relative yield at a shallow depth ( « Rp) demonstrate that

the presence of Fe atoms has little influence upon dechanneling in the oxygen

sublattice. Dechanneling in the aluminum sublattice exhibits a definite depth

dependence. However, no correlation exists with the Fe implantation profiles

since the 2 MeV implantation profile is much deeper than the 1.2 MeV implantation

profile and yet the dechanneling is similar for the two cases from the surface

to -0.45pm. Therefore, the lattice disorder produced by implantation of Fe in
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sapphire at room temperature is not significantly influenced by chemical effects

at our implantation energies and doses for depths less than 0.45/jm. Recovery of

the oxygen sublattice is less efficient than that of the aluminum sublattice, as

evidenced both by the larger magnitude and the shallower onset depth of a

maximized relative yield. This observation is consistent with RBS-C measurements

during post-implantation annealing that indicated damage recovery of the aluminum

sublattice started at a lower temperature and progressed more rapidly with

increasing annealing temperature [6].

Prior investigations of low energy implantation of Fe (and other species,

e.g., Cr and Ti) at room temperature in sapphire indicated a dechanneling level

(measured at the depth of the implantation profile) of ^=0.7 in the aluminum

sublattice and of x^O.9 in the oxygen sublattice for fluances in the range of

ixlO16 to lxlO17 cm"2 [6]. These values are similar to the maximum values of

relative yield that we found for our MeV implantations. (Systematic errors due

to the deconvolution process could slightly reduce the maximum relative yield for

the oxygen sublattice.) For low implantation energies, the mean depth of the

implanted profile nearly coincides with the peak damage region. Compared to MeV

implantations, the ratio of impurity concentrations to damage energy is larger

for depths examined to evaluate lattice disorder. As suggested by differences

in the dechanneling profiles for low-energy and MeV implantation, the physical

presence of Fe seems to lower the required displacement damage for achieving a

maximum relative yield in the aluminum sublattice.

Figure 5 shows the damage energy deposited during implantation of Fe in

sapphire at three different ion energies and doses [9,10]. Implantations at low

energies [7] indicate that a maximum relative yield in the aluminum sublattice



of X"0.7 is attained at a peak damage energy of =0.8 keV/atom («3 at.% Fe) and

persists to 8 keV/atom. For our 1.2 MeV implantation, the dechanneling in the

aluminum sublattice at a depth of 0.45 pm is approaching a maximized relative

yield for damage energies exceeding 2 keV/atom (<1 at.% Fe). For our 2.0 MeV

implantations, the value of damage energy is near 0.9 at a corrected depth of

~0.45^m and must be near the threshold for saturation in the absence of Fe atoms.

Large impurity concentrations seem to reduce the amount of displacement damage

required for reaching the maximum yield at saturation. This result is consistent

with the hypothesis that the implanted impurity stabilizes the disorder by

obstructing point defect recombination [2]. Despite having dissimilar depth

profiles of damage energy from the surface to 0.45/im, the dechanneling profiles

at 1.2 and 2.0 MeV (Fig. 3) are similar. The ratio of ionization to displacement

damage, larger in the near-surface regions for MeV than low-energy implantations,

may assist in the damage saturation observed [12].

SUMMARY AND CONCLUSIONS

Implantation of Fe in sapphire was done at energies of either 1.2 MeV or

2 MeV or both sequentially. The implanted crystals were characterized by

Rutherford backscattering spectrometry/channeling. Both sublattices of sapphire

were disordered by implantation to about the same maximum relative levels

observed in lower energy implantation experiments done by other investigators.

The depth dependence of the disorder produced during implantation at 1.2 and 2.0

MeV was independent of the implantation energy and Fe concentration. The present
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experiments demonstrate that the saturation of lattice disorder obtained for ion

implantation at room temperature does not require chemical interactions with the

implanted species. However, the presence of Fe near to the surface (as obtained

during implantation at 150 keV) influences the maximum relative yield the

aluminum sublattice by lowering the critical displacement damage required. The

production of a well defined damage region demonstrates the advantage of using

high-energy ions to enable the study of radiation effects in ceramics separately

from the effects of the implanted impurities.
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FIGURE CAPTIONS

Figure 1. Random and <0001>-iligned scattered energy spectra of sapphire

implanted with Fe to fluences of 8xlO16 cm"2 at 1.2 MeV (full lines)

and 5xlOls cm"2 at 2 MeV (dashed lines).

Figure 2. Iron profile for sapphire implanted at 1.2 MeV to a fluence of 8xlO16

cm"2.

Figure 3. Dechanneling in the aluminum sublattice produced by implantation of

Fe to fluences of (a) 8xlO16 cm"2at 1.2 MeV and (b) 5xl0ls cm"2 at 2

MeV.

Figure 4. Dechanneling in the oxygen sublattice produced by Fe implantation to

fluences of (a) 8xlO15 cm'2 at 1.2 MeV and (b) 5xlO15 cm'2 at 2 MeV.

Figure 5. TRIM calculations of the damage energy deposited during ion

implantation of 150 keV Fe to a fluence of 2xl016 cm"2, 1.2 MeV Fe to

a fluence of 8xlO16 cm"2 and 2 MeV Fe to a fluence of 5xlO:6 cm"2.
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