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AlzO, at room temperature amorphizes at an anomalously high ion implantation dose, corresponding to hundreds of 

displacements per atom (dpa). We have performed X-ray reflectometry and Monte Carlo simulations, which show that amorphiza- 

tion near the surface is preceded by a progressive reduction in density caused by high-energy-transfer elastic collisions which knock 

Al and 0 atoms deeper into the crystal. Electron microscopy shows that the reduction in density is at least partially accommodated 

by void formation. We propose that the accumulation of these and other low-density defects such as vacancy clusters and nuclei of 

amorphous and lower-density crystalline phases of Al,O, may serve as a mechanism for high-dose amorphization. 

1. Introduction 

Many crystalline materials, including semiconduc- 
tors [l], insulators [2,3], and some intermetallic com- 
pounds [4] can be amorphized by ion irradiation. For 
ions and targets of relatively high atomic number and 
for relatively low ion beam energies, the energy lost by 
the ion is concentrated in a thermal spike [5] which can 
lead to amorphization along a single ion cascade by the 
melting of a small region followed by rapid cooling. In 
this paper we are concerned with relatively light atoms 
and high energies, where amorphization follows an 
accumulation of independent atomic displacements 
rather than a collective, thermal process. As ions dis- 
place atoms from lattice sites to create vacancy-inter- 
stitial pairs and other associated defects, one of two 
things may occur. In some crystals, an equilibrium 
defect concentration is reached, where further ion 
bombardment stimulates the recombination of defects 
at the same rate as their production. In other cases, 
and especially at low temperatures, damage proceeds 
to amorphization. In most cases, the damage to the 
lattice saturates at a dose on the order of 0.1 to 1 dpa. 

For Al,O,, ZrO,, MgO, and WC amorphization 
follows a different pattern [2,6-81. At cryogenic tem- 
peratures these materials behave as just described, 
amorphizing at a dose of a few dpa. Amorphization at 
room temperature, however, can require a dose on the 
order of 100 dpa. The mechanism for amorphization at 
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this dose is not clearly understood. We address the 
possible origin of this anomalously high amorphization 
threshold. 

We consider ion energies that produce a buried 
layer of the incident species at the ion end of range 
(ear). The resulting change in chemical composition 
complicates damage to this layer, which is strongly 
dependent on factors such as the solubility and size of 
the implanted atom [3,9]. Therefore we focus on the 
midrange region between the eor and surface; here the 
ions create damage but are not deposited. Simulations 
(described in section 3) show that 90% of the ions 
implanted in our samples fall in an eor at a depth of 30 
to 130 nm. 

Processes that may contribute to amorphization in- 
clude chemical effects, defect formation, and density 
changes. The chemistry of implanted ions is a critical 
factor in amorphization of the eor: in particular the 
amorphization threshold of Al,O, is much higher for 
implanted species which occupy substitutional sites on 
the Al,O, lattice [3,9,10]. Chemical effects may occur 
in the midrange as well. While thermal diffusion is 
negligible at the implantation temperatures at which 
amorphization occurs, enhanced transport of im- 
planted species may result from the defects introduced 
by implantation, leading to chemical effects in the 
midrange. For example, amorphization induced by 
chemical effects in the endrange may speed diffusion 
of the implanted species, propagating amorphization 
through the midrange. Even the relatively low concen- 
trations of implanted ions which come to rest in the 
midrange with no diffusion may lead to amorphization 
by inhibiting damage recovery mechanisms. 
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Amorphization can also result from the accumula- 
tion of atomic displacements. It has been shown that 
low temperature Si, for example, amorphizes when 
_ 10% of the atoms are displaced from lattice sites 
[11,12]. Burnett and Page [2] have observed that ionic 
compounds are more resistant to amorphization, sug- 
gesting that amorphization occurs in these materials 
when a critical density pEcrit of energy is deposited as 
substrate lattice damage (pEcrit N 7 keV per substrate 
atom, enough to create _ 160 displacements). Such a 

high P ucrit implies substantial damage recovery. Bull 
[13] applies a simple kinetic model to high-dose amor- 
phization, assuming a thermally activated process for 
the annealing of atomic displacements. He finds that 
pEcrit depends only weakly on temperature, ruling out a 
simple thermal recovery mechanism. 

Atomic displacements account for amorphization 
near 1 dpa, and chemical effects are responsible for 
amorphization which occurs at a relatively low dose for 
a particular implanted element. We propose a third 
mechanism for high-dose amorphization. High-energy- 
transfer collisions will knock some host atoms deep 
into the host, leaving a shallow vacancy and a deep 
interstitial. While nearby vacancies and interstitials re- 
combine, those that are widely separated cannot re- 
combine, and will accumulate. A characteristic damage 
morphology, attributed to this separation of vacancies 
and interstitials, has been observed in ion-implanted 
silicon [14]. In the absence of recovery mechanisms, 
density will decrease in the midrange and increase in 
the eor. A critically low (or high) density may lead to 
amorphization. Amorphization occurs at a high dose 
because of the low cross-section for high-energy-trans- 
fer collisions. 

In this paper we report measurements of the den- 
sity changes induced in the crystalline state by ion 
implantation at doses below the amorphization thresh- 
old. Cr-implanted Al,O, was used, as it as been shown 
to amorphize at extremely high doses [7]. X-ray reflec- 
tivity measurements are used to measure the extent to 
which the density of the midrange is reduced by ion 
bombardment. Monte Carlo calculations show that this 
reduction results from midrange substrate atoms being 
knocked deeper into the crystal. We discuss how this 
excess of vacancies over interstitials may lead to amor- 

phization. 

2. Experimental results 

2.1. Implantation 

High purity [OOOl] oriented cr-Al,O, (sapphire) sin- 
gle crystals with an optical grade polish were annealed 
in air at 1775 K for 5 days, then implanted with 160 
keV Cr+ ions at room temperature. To avoid ion 
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Fig. 1. X-ray reflectivity of Al,O,, unimplanted ((a) and (b)) 
and implanted with 1 X 10 *’ Cr*/cm’. Panels (a) and (cl: 
semilog scale. Panels (b) and cd): detail on a linear scale. 
Measured reflectivity: (0). Solid and dashed lines are calcu- 
lated from the corresponding densities in Fig. 2 as described 

in the text. 

channeling, the incident beam direction was N 5” off 
the specimen normal. Rutherford backscattering [7], 
indentation [7,15], and glancing angle X-ray diffraction 
[16] measurements have been reported for these sam- 
ples, showing that amorphization occurs in the eor at a 
fluence of 1 x 10” ions/cm’, growing with increasing 
fluence and reaching the surface at 6 X 10” ions/cm*. 

2.2. X-ray reflectivity 

The X-ray reflectivities were measured as described 
in detail by Cowley and Ryan [17]. Briefly, a triple-axis 
system was used where a Ge(ll1) crystal selects the K, 
fluorescence from a rotating Cu anode X-ray source, a 
0.5 mm slit before the sample selects the K,, compo- 
nent, and another Ge(ll1) crystal selects Cu K,, X-rays 
reflected at each scattering angle 20. Reflected inten- 
sity is integrated over a rocking curve for each value of 
20. Shown in Fig. 1 are the reflectivities of Al,O, 
crystals, unimplanted and implanted with 1 x 101’ 
Cr+/cm*, which corresponds to a dose of 54 dpa in the 
midrange, as derived from Monte Carlo calculations 
described in section 3. For the unimplanted sample 
(Figs. la and lb), reflectivity is close to unity up to the 
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critical angle Bc, which is proportional to the square 
root of the electron density; at higher angles reflectiv- 

ity falls rapidly. After implantation (Figs. lc and Id), 
reflected intensity begins to fall when 0 < Bc. For 6’ just 
below Bc, the reduced density of the midrange is insuf- 
ficient for the total reflection of X-rays, which are 

totally reflected by the denser eor; absorption by im- 
planted Cr atoms accounts for the reduced intensity. 
Increased scattering is observed near 20 = 0.57” due to 
interference between X-rays reflected from the surface 
and from the interface between low and high density 
material. Higher diffraction orders are not visible be- 
cause this interface is diffuse. 

A quantitative model for the depth profile of the 
density can be developed by choosing a functional form 
based on the qualitative features just described and 
varying the parameters to give a least-squares fit to the 
reflectivity. The density profile was approximated by 
302 uniform layers: infinitely thick air and bulk Al,O, 
layers separated by 300 layers, each t = 1 nm thick. 
Reflectivity was calculated from the electron density 
and X-ray absorption using the theory of Parratt [18]. 
The reflectivity of the unimplanted sample is modeled 
using a single Gaussian-smeared step [19], 

p(z) = !y [l +erf-$], 
where p is the density, z is the depth, u is the rms 
surface roughness, and erf is the error function [20]. 
The incident X-ray power is a free parameter for all 
fits. As shown in Figs. la and lb (solid lines), we obtain 
an excellent fit with m = 2.18 nm and pbulk = 3.983 
g/cm3, agreeing well with the conventional A1,0, X- 
ray density of 3.985 g/cm3 [21]. 

For the implanted samples, the distribution of Cr 
atoms is approximated by a Gaussian. While the total 
absorption is taken to match the Cr+ dose, we find the 
electron density in the eor to be less than that of 
Al,O, plus implanted Cr. From the dashed curves in 
Figs. lc, Id, and 2b, we see that such a high density 
would lead to much higher reflectivity above the bulk 
critical angle of 0.56” than we have observed. Mathe- 
matically, we account for this by reducing the electron 
density contributed by the Cr. Physically, we conclude 
that the eor has expanded. We model the Al,O, den- 
sity by generalizing Eq. (1) to include two Gaussian- 
smeared steps, one at z = 0 from density 0 to dpbulk 

with width gS, the other at z =zd from density dpbulk 
to pbulk with width Us: 

PAl,O,( z > = y[l+erf&] 

[ 

z-zzd 
X d + (1 -d) erf- 
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Fig. 2. Density profiles: (a) Unimplanted Al,O,. Dashed line 

is calculated for a sharp interface. Solid line is the best fit of 

Eq. (1) to the measured reflectivity. (b) Ion-implanted AI,O,. 

Dashed line is calculated from a Monte Carlo simulation. 

Solid line is the best fit of Eq. (2) to the measured reflectivity. 

For the sample implanted with 1 X 1017 Cr+/cm*, the 
best fit (solid line in Fig. 2b) is obtained for surface 
density d = 0.880 of the bulk value, surface roughness 
gS = 3.7 nm, interface roughness a, = 8.3 nm, interface 
depth z,, = 52 nm, and a Gaussian Cr layer which is 98 
nm deep and 55.3 nm full width at half maximum. The 
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Fig. 3. (0): surface density of AI,O, implanted with 160 keV 

Cr+ ions, measured using X-ray reflectivity. The dashed line 

is a guide to the eye. Solid line: surface density from Monte 

Carlo simulation. 
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best-fit maximum density of the implanted Cr layer is 
0.139 of the bulk Al,O, density. The width and depth 
of the implanted Cr distribution are close to those 
calculated in the simulation described below. The 
agreement with the observed reflectivity is good (solid 
lines in Figs. lc and Id); the sharpest interference 
features are diminished by an experimental resolution 
of u 0.01”. 

For another sample implanted with only 4 x 1016 
Cr+/cm*, the effects of implantation are weaker, so 
the reflectivity is fit using the parameters determined 
from the 1 X 10” Cr+/cm* sample, varying only d 
(0.9611, q (2.8 nm), and the maximum density of the 

Cr layer (0.125 of bulk). Surface density versus dose is 
indicated by the circles in Fig. 3. 

2.3. Electron microscopy 

Implanted samples were cut in half and the two 
pieces were glued face-to-face, sectioned, and ion 
milled to obtain cross-section transmission electron 
microscopy (TEM) specimens. Fig. 4 shows a bright 
field TEM image of the 4 X 1016 Cr+/cm’ sample. A 
dense array of dislocation loops and network is present 
in the eor between the depths of 65 and 230 nm. The 
midrange region between the surface and a depth of 60 

MICROSTRU- OF Al,O, IRRADIATED WITH 
160 keV Cr' IONS TO A FLUENCE OF 4~10~' Cr/m2 

100 200 
DEPTH (nm) 

Fig. 4. Cross-section transmission electron micrograph showing the microstructure observed in .4,0, after implantation with 
4x 1016 Cr+/cm2. The beam normal was near [2iiO] The photo was taken in an underfocussed condition to enhance the visibility 

of the midrange cavities. 
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nm, on the other hand, is free of visible dislocations 
and contains a high density (- 5 X 10z3/m3) of small 
(- 2 nm) features which exhibit contrast consistent 
with that of voids. The volume fraction associated with 
these voids is only - 0.2%, much smaller than the 
midrange density reduction of 4% determined from the 
X-ray reflectometry measurements. Electron micro- 
diffraction analysis of the midrange and eor showed no 
significant change (< 1%) in the lattice parameter 

compared to the undamaged AL,O, substrate. There 
was no evidence for the formation of amorphous zones 
in either the midrange or eor regions. Similar mi- 
crostructural features were observed in the higher dose 
sample irradiated with 1 x lOI Cr+/cm’ (Fig. 5). The 
observed extent of the damaged region in both the 
lower and higher dose specimens was 230 nm, which is 
approximately 65% deeper than the 140 nm damage 
range calculated by TRIM. The experimental damage 

160 
NICROSTRUC!MJRE OF Al,O, IRRADIATED WITH 
keV Cr+ IONS TO A FLUENCE OF 1~10~' Cr/m2 

DEPTH (nmj 
-- 

Fig. 5. Cross-section transmission electron micrograph showing the depth-dependent microstructure of A_12O, after implantation 
with 1 x 1017 Crc/cm2, taken in an underfocussed condition, with beam normal near [2110]. 
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range determined by TEM is in agreement with the 
damage range deduced from the X-ray reflectivity data. 
The discrepancy between the observed and calculated 
damage range is generally attributed to errors in the 
electronic stopping powers used in the calculations. 
The surface roughness of the irradiated samples could 
be directly measured in the cross-section TEM speci- 
mens by examination of the interface between the glue 
and the specimen surface. The surface roughness ob- 
served by TEM in both the lower and higher dose 
samples was very small, in agreement with the fitted 
parameters from the X-ray reflectivity data. 

What causes the reduction in midrange density? 
Hioki et al. have shown that the vacancy-interstitial 
pairs produced by ion implantation of Al,O, at cryo- 
genic temperatures lead to a lattice expansion of - 2% 
at doses of - 0.1 dpa [22]. However, glancing angle 
X-ray Bragg diffraction measurements on our room 
temperature samples have shown that the unit cell 
volume of the Al,O, lattice is expanded by only 0.3% 
[16], a minor contribution to the density change. Thus 
we attribute the density reduction to a surplus of 
vacancies over interstitials in the lattice, rather than a 
lattice expansion. Surplus vacancies would be left if 
interstitial atoms formed new planes in the crystal; 
however, this may be ruled out because dislocation 
loops, which must surround the new planes, are absent 
in the midrange (Fig. 4). The only plausible cause of 
the density reduction is the high-energy-transfer colli- 
sions which knock Al and 0 atoms deep into the 
crystal and give rise to excess shallow vacancies and 
deep interstitials. 

3. Monte Carlo simulations 

Monte Carlo simulations of ion trajectories were 
used to calculate the effects of collisions. We have 
applied the TRIM89 code [23], which tracks the paths 
of implanted ions and the substrate atoms with which 
they collide, including the effects of electronic energy 
loss. The simulation takes into account neither the 
crystalline structure of the substrate nor the effects of 
ion beam modification: each ion and atom is assumed 
to pass through undamaged but amorphous Al,O,; 
thus all effects are linear in ion dose. The change in 
density is caused predominantly by high-energy-trans- 
fer collisions, for which the cross sections are accu- 
rately known [24], and depend little on crystal struc- 
ture. In contrast; dpa values depend on the energy of 
target atom displacement. Displacement energies de- 
termined for crystalline Al,O, are used (18 eV for Al 
and 72 eV for 0) [2_5], likely leading to an underesti- 
mate of atomic displacements. Thus we expect TRIM89 
to provide an accurate simulation of the density effects 
of ion bombardment, with large discrepancies due only 

to recovery processes, which are not included in the 
simulation. 

The dashed line in Fig. 2b indicates the results of 
the simulation of 1 X 10” Cr+/cm2 implantation. The 
uppermost 5 nm are gone, with 75% of the atoms 
sputtered off and 25% knocked into the substrate. 
Because translation of the sample does not alter its 
reflectivity, no effect of this shift of the surface is 
apparent in the reflectivity. The next 50 nm are re- 
duced in density by collisions which knock atoms deeper 
into the substrate. The simulation (dashed line in Fig. 
2b) predicts a relative excess of vacancies of - lop3 
corresponding to a density of 0.71 of bulk at the 
surface, over twice the decrease deduced from X-ray 
reflectivity (solid line in Fig. 2b), which indicates a 
density of 0.88. The largest discrepancy seen in Fig. 2b 
is in the region where the implanted Cr ions and the 
knocked-on aluminum and oxygen atoms pile up. As 
mentioned above, our reflectivity results rule out such 
a high density. We will concentrate, however, on the 
region nearer the surface. 

4. Discussion 

Fig. 3 shows that the measured density at the sur- 
face decreases at half the rate predicted by the Monte 
Carlo simulation. We attribute the difference to recov- 
ery processes. While diffusion of vacancies and intersti- 
tials is negligible both at room temperature without ion 
implantation [26,27], and at lower temperatures under 
implantation [9,22,28], we propose that Al,O, samples 
implanted at room temperature exhibit a high amor- 
phization threshold because a local equilibrium is es- 
tablished where vacancies and interstitials recombine 
at the same rate that they are produced. As vacancies 
and interstitials continue to recombine locally, the small 
fraction of excess vacancies produced in the midrange 
accumulates. Comparison of experiment and simula- 
tion shows this combination of thermal and ion-in- 
duced diffusion leads to the recombination of some of 
the more widely separated pairs as well. The progres- 
sive reduction in density points toward a competing 
mechanism which converts excess vacancies to a more 
stable defect. Such a defect might be a microvoid, a 
region of Al,O, which is amorphous or of a less dense 
crystalline phase, or a cluster of vacancies. The density 
reduction that is directly attributable to the voids in 
the lower-dose sample shown in Fig. 4 is only - 0.2%, 
which is much less than the midrange density change of 
4% measured by X-ray reflectometry. 

Amorphization in ion-implanted ceramics generally 
begins in the eor, progressing to the surface [3]. Table 
1 lists the critical fluences observed for amorphization 
of the surface of Al,O, by implantation with several 
ions. We have used Monte Carlo calculations as de- 
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Table 1 

Number of atomic displacements (dose) and relative density 

change (Ap/p) at the observed thresholds for surface amor- 

phization of Al,O, at room temperature. The dose is based 

on a Monte Carlo calculation with no recovery; density change 

includes 50% recovery as reported in this paper 

Ion Energy Fluence Dose b/p 
LkeVl [lo” ions/cm*] [dpa] 

Co 400 3-5 (ref. [S]) 230-380 0.19-0.32 

Cr 160 3-6 (ref. [7]) 160-320 0.40-0.80 

Ti 300 3-5 (ref. [2]) 110-180 0.18-0.31 

Y 300 0.8-l (ref. [2]) 60-80 0.19-0.24 

scribed above to convert these fluences to both a dpa 
dose and a density decrease. The density decrease at 
which amorphization occurs is the same for three of 
the ions (Co, Ti, and Y), which suggests that it is the 
density change which causes amorphization. We note, 
however, that the exception is Cr, which is the only 
atom which can substitute for Al in AlaO, with no 
second phase formation. The higher critical density 
change for Cr suggests that second phase formation 
may be an important factor in amorphization. Monte 
Carlo calculations indicate that negligible concentra- 
tions of implanted ions come to rest near the surface, 
but ion bombardment produces anomalously high dif- 
fusion rates, as demonstrated by the partial recovery of 
the density. Thus we cannot rule out large implanted 
ion concentrations near the surface. 

Chemical effects could be definitively ruled out by 
the stoichiometric co-implantation of Al and 0 ions, as 
described by White et al. [29]. According to Monte 
Carlo calculations, these lighter ions require fluences 
of - 101’/cm2 to cause critical density changes. Alter- 
natively, chemical effects can be avoided using higher 
energy implantation in which the eor and midrange are 
widely separated. However, more energetic ions have a 
lower cross section for high-energy-transfer collisions, 
so again much higher ion fluences would be required. 
Along with higher-fluence sources, efficient sample 
cooling would be needed, as discussed by Bull [13]. 
Further evidence as to the amorphization mechanism 
might be obtained from the structure of the amorphous 
phase. As pointed out by Bull [13], amorphization by a 
chemical mechanism may give rise to a distinctive 
amorphous structure. When amorphization is due to 
density reduction, we would expect little dependence 
of either the critical density for amorphization or the 
structure of the amorphous phase on the implanted 
element. 

If density reduction is indeed the mechanism for 
high-dose amorphization, then there would be no limit 

to the lattice damage which could be accommodated by 
Al,O, at room temperature. Because lighter ions pro- 
duce more lattice displacements relative to high-en- 

ergy-transfer collisions, light-ion implantation could 
distinguish between density reduction and critical en- 
ergy density amorphization mechanisms. For example, 
a fluence of 1019 Ne+/cm2 is calculated to produce a 
density reduction of just 10% (well below the amor- 
phization threshold) and deposit 86 keV per substrate 
atom in lattice damage (well above threshold). 

Local atomic displacements lead to amorphization 
at sufficiently low temperatures, but vacancy-intersti- 
tial recombination leads to an equilibrium concentra- 
tion of vacancy-interstitial pairs for AI,O, at room 
temperature. Chemical effects will lead to amorphiza- 
tion in many cases, but this mechanism is less effective 
in the midrange and for more soluble atoms such as 
Cr; it will certainly be absent for self-implantation. We 
have shown that high-energy-transfer collisions lead to 
a progressive density decrease in the midrange. We 
propose that in the absence of competing mechanisms 
this density decrease will lead to amorphization. We 
have focused on the midrange because study of the eor 
is complicated by the presence of implanted ions, but a 
complementary mechanism may operate in the eor: 
amorphization results from an increase in density 
brought about by the combination of implanted ions 
and knocked-on atoms. The partial recovery of the 
density from the values predicted by Monte Carlo 
calculations suggests that single vacancies will recom- 
bine with displaced interstitials during room tempera- 
ture implantation; we conclude that the remaining 
vacancies condense into a more stable form. Some 
voids have been observed, and other vacancies may 
form submicroscopic vacancy clusters or small nuclei of 
amorphous or lower-density phases of crystalline 
Al,O,. As may be seen from Table 1, amorphization 
occurs when the calculated density approaches that of 
amorphous Al,O, (Ap/p = 0.31 [30]. The defective 
crystalline Al,O, may become unstable as its density 
approaches that of the amorphous phase. 
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