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Abstract

Samples of c-axis AI2O3 were implanted with Fe (160 keV, 4 x 1016/cm2) at liquid

nitrogen temperature and then thermally annealed at temperatures of 900, 960 and 1100°C

in an oxidising environment (flowing O2) or in a reducing environment (flowing 96%

Ar, 4% H). Rutherford backscattering spectrometry, ion channeling, and transmission

electron microscopy of the crystals revealed differences in the annealing characteristics of

the implanted layers that depended on the annealing environment. These results indicate

the importance of the annealing atmosphere in determining the characteristics of epitaxially

regrown layers in ion-implanted and thermally annealed AI2O3.



I N T R O D U C T I O N

The structural changes induced by ion implantation in a-Al2O3 at room temperature

or above and the annealing behaviour of the implanted layers during subsequent thermal

processing have been studied by several groups [1-10]. Under these implantation

conditions, substantial dynamic annealing occurs during implantation and for most of

the ion species studied thus far, the A12C>3 remains in a highly damaged but crystalline

state even for large implant doses (1016—101(/cm2)' The mechanisms which give rise

to damage recovery in these implanted layers during thermal annealing are complex and

a variety of behaviour is observed depending on such parameters as the ion species, the

implantation temperature, and the annealing environment.

In the case of 160 keV Fe ions implanted into a-A!2O3 at room temperature [5,10], the

AI2O3 remains crystalline for Fe doses of 1 x lO1 '/0™2 o r e v e n higher. The as-implanted

material consists of a tangled array of dislocations, and conversion-electron Mossbauer

spectroscopy shows the Fe to be present in the three charge states: Fe3 + , Fe2"1", and Fe°

(metallic) [10]. The relative amounts of each charge state vary with ion dose. During

subsequent thermal annealing the crystallinity in the implanted region recovers more or

less simultaneously over the entire depth range of the damage, and the implanted Fe forms

a variety of precipitate phases depending on the annealing environment used. For O2

anneals at temperatures greater than ~ 800°C there is a tendency for a small amount

(< 10%) of the Fe to migrate to the sample surface. This Fe is present at the surface in

the form of a-Fe2C>3 [10,11] The bulk of the Fe is thought to be substitutionally located

in the alumina as (Ali_rFe,.)2O3 or in the form of small particles of diamond cubic FejC^

containing Al, i.e., (FexA1:_,)3O4. For H2 anneals, there is little tendency for the Fe to
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migrate and precipitates of a-Fe are observed.

Ion implantation of a-Al2O3 at liquid nitrogen temperature tends to stabilise the

implantation damage by markedly reducing dynamic annealing effects. Under these

implantation conditions, the formation of a well-defined amorphous layer can be achieved

in a-A^Oa for moderate ion doses (~ 1015/cm2) [6,10]. In this case, damage recover}'

during thermal annealing usually occurs by epitaxial recrystallisation of the amorphous

layer at an amorphous/crystalline interface [6,8]. This type of crystallisation behaviour is

generally simpler to understand than the damage recovery mechanisms that are involved in

the case of room temperature implants and often the state of the implanted impurity can

be directly correlated with that of the recrystallised layer. However, to date there have

been relatively few investigations of a-A^Oa implanted under these conditions [3,8,10].

Here, results are presented for Fe implanted into a-A^Os at liquid nitrogen temperature

and subsequently thermally annealed in either an oxidising or a reducing environment.

The final state of the implanted Fe is found to depend both on the annealing environment

used and on the extent of regnrwth of the amorphous a-A^Oa layer. These results are

compared with the behaviour for room temperature implants as discussed above.

EXPERIMENTAL

High purity single crystals of <0001> (c-axis) oriented a-A^Os were polished to an

optical grade finish and were then annealed for 120 h at 1450°C in flowing O2 to remove

any residual polish damage. The crystals were then implanted at -185°C with 56Fe+ ions

at 160 keV to a dose of 4 x 1016/cm2. One hour thermal anneals were carried out in a

furnace at temperatures of 900, 960 or 1100°C in either (a) flowing O2 or (b) flowing 96%

Ar, 4% H mixture. Rutherford backscattering (RBS) and ion channeling measurements
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were performed with a beam of 2.0 MeV He+ + ions incident near-normal to the sample

surface and scattering into a surface-barrier detector at 160°. Ion channeling measurements

were carried out with the beam aligned along the <0001> axis of the crystals. Specimens

for transmission electron microscopy (TEM) were prepared in both cross-section and back-

thinned (plan view) geometries by mechanical polishing followed by ion milling. Analytical

electron microscopy was performed with either a Philips CM12 operating at 120 keV or a

Philips EM400T/FEG operating at 100 keV.

RESULTS AND DISCUSSION

The RBS spectra in Fig. 1 show the random and aligned spectra for the Al sublattice

(a), and the Fe profiles, (b), for a sample of a-A^Oa implanted with Fe(160 keV,

4 x 1016/cm2, -185°C) and annealed in O2 at 900°C for 1 h. The aligned spectrum from

the Al sublattice in the as-implanted state (open triangles) shows that an ~ 1700 A thick

amorphous layer is produced under the implantation conditions used. The as-implanted

Fe profile, (lb), shows an approximately gaussian distribution of Fe centred at a depth

of ~ 750 A. The aligned spectrum from the annealed sample (open circle) indicates that

the back-edge of the Al damage distribution has shifted slightly (~ 100 A) towards the

surface. The random (filled circles) and aligned (open circles) Fe profiles show that during

the anneal the Fe has redistributed to form a relatively uniform concentration profile over a

depth range corresponding approximately to that of the original amorphous layer (~ 1700

A).

Fig. 2 shows a cross-section TEM micrograph of the sample discussed above. The

original sample surface is not visible in the micrograph since it was removed by ion-milling;

however, the micrograph shows that the majority of the implanted layer has transformed
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to 7-AI2O3 during the anneal and that an ~ 100 A layer of Q-AI2O3 is present between the

crystalline substrate and the 7-AI2O3 material. This growth behaviour of ion implantation

amorphised layers in c-axis oriented a-A^Oa is well understood from previous regrowth

measurements [11-13]. During annealing, the amorphous layer first transforms to columnar

7-AI2O3 crystallites which are oriented such that the {111} planes of the 7 material are

parallel to the {0001} planes of the a-Al2O3 substrate. The individual crystallites are

in registry with the substrate but exhibit texturing relative to each other. Following the

formation of the 7-phase, epitaxial growth of Q-AI2O3 occurs from the original a-Al2O3/7-

AI2O3 interface. At a given temperature, this transformation generally proceeds at a much

slower rate than the amorphous-7 transition. The spectra in Fig. 1 can then be understood

to indicate that the implanted Fe is distributed uniformly throughout the layer of 7-AI2O3

following the 900° C anneal in 02-

The RBS spectra in Fig. 3 illustrate the crystallisation behaviour of an Fe(160 keV,

4 x 1016/cm2, -185CC) implanted sample that has been annealed at 1100°C in O2 for 1

h. In this case, comparison of the as-implanted profile (open triangles) and the aligned

spectrum from the annealed sample (open circles) indicates that the entire implanted

region has regrown as epitaxial CK-AI2O3. The channeling minimum yield, X m m (the ratio

of the channeling yield to the random yield), in the near-surface region of the annealed

crystal is ~ 4.5% for the Al sublattice. This can be compared with a Xmin °^ ~~ ^%

for the crystals prior to implantation. The random Fe profile (filled circles) shows that,

following the 1100°C anneal, the Fe is uniformly distributed throughout the recrystallised

Q-AI2O3 material. The concentration profile is similar to that observed in the 7-AI2O3

layer following the 900cC anneal (Fig. 1). The low yield from Fe in the aligned profile
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(open circles) of Fig. 3(b) indicates that the Fe is present in the recrystallised layer as

either a substitutional solid solution or as precipitates which are coherent with the Q-

AI2O3 lattice. Assuming that the Fe has formed a substitutional solid solution in the Al

sublattice, the Fe substitutional fraction as measured from the channeling results in Fig.

3 Is N s u b * 98%.

Fig. 4 shows a plan view TEM micrograph of the sample annealed at 1100°C in 0 2 .

The circular structures evident in the miciograph have been identified as cavities ~ 200-

400 A in diameter. Cross-section TEM reveals that the cavities are situated close to the

peak of the Fe implant distribution. Cavities have been observed in other annealing studies

of Fe implanted a-AhOa but as yet their origins are unknown. TEM also indicates the

presence of small regions (~ 20 A) which are of dark contrast in the bright-field images.

It is possible that these are precipitates but as yet they have not been positively identified

and their number density appears to be too small to account for the bulk of the implanted

Fe. The present evidence suggests that the majority of the Fe may be incorporated into

the a-A^Os lattice in the form of a substitutional solid solution similar to that proposed

in the case of the room temperature Fe implants annealed in O2, i.e., ( A l i - z F e ^ O s .

Fig. 5 presents RBS spectra for samples annealed for 1 h in a reducing environment

(96% Ar, 4% H) at temperatures of 900, 960, and 1100°C. Following the 900°C anneal,

(a) and (b), the implanted layer has transformed to 7-AI2O3 and a thin layer (~ 50 A)

of Q-AI2O3 has begun to grow. The Fe profiles, (b), show that the Fe has redistributed

throughout the 7-AI2O3 layer and has formed a small peak in the near-surface region. For

the 960°C anneal, (c) and (d), an — 500 A layer of Q-A1 2 O 3 is present and the remainder

(-- 1200 A) is 7-AI2O3. In this case, the Fe profiles, (d), show that the Fe is distributed
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uniformly throughout the remaining 7-AI2O3 material. The evolution of the Fe profile

with temperature or time is further illustrated by the 1100cC annealing results, (e) and

(f), where the Q-AI2O3/7-AI2O3 interface has proceeded completely through the layer to

the surface. Here, ~ 90% of the implanted Fe resides in a surface-segregated peak. These

results suggest that annealing in a reducing environment causes the implanted Fe to be

preferentially segregated in the 7-AI2O3 layer and to push-out to the surface in front of

the advancing a-Al203/7-Al203 interface. This type of behaviour has been reported for

epitaxial regrowth of amorphous layers in Si that have been implanted with impurities to

concentrations which exceed the solid solubility limit for the impurity in the crystalline

phase [14,15]. The effect has also been observed for a-Al2O3 implanted with Mn at -150°C

and annealed in vacuum [8].

Cross-section TEM shows that, for the sample annealed at 1100°C for 1 h in the

reducing environment, a small number of a-Fe precipitates ~ 100-300 A in diameter have

formed in the sub-surface region of the sample. These are similar to the internal precipitates

observed in the case of the room temperature Fe implants annealed in H2. The surface Fe

is in the form of islands of what is thought to be Fe3O4 or 7~Fe2O3. It appears likely that

during the anneal the implanted Fe was pushed to the surface by the growth interface and

that it formed islands of metallic Fe that oxidised as the sample was withdrawn from the

furnace at the end of the anneal.

Overall, these annealing results suggest that the implanted Fe y, soluble in the 7-Al2C>3

for both annealing environments. In the reducing environment, the Fe must be present in

the 7-phase in a chemical form which is largely insoluble in the a-Al2O3. Consequently,

as the a-Al2O3/7-Al2O3 interface proceeds towards the surface the implanted Fe is
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preferentially segregated in the 7-AI2O3 where its solubility is higher. In the oxidising

environment, the presence of free oxygen has the effect of increasing the solubility of the

Fe in the Q-AI2O3 phase. This is probably achieved by reaction of oxygen with the Fe to

form an iron oxide (perhaps, FeO or Fe2O3) which is more soluble in a-Al2O3 than free

Fe.

CONCLUSIONS

During thermal annealing, the amorphous layer induced by implantation of Fe into

Q-AI2O3 at liquid nitrogen temperature appears to regrow by the same two-stage process

as has been reported for amorphous layers produced in a-Al2O3 by implantation of Al

and 0 in stoichiometric ratios. The amorphous layer first transforms to 7-AI2O3 and

then epitaxial growth of Q-AI2O3 follows. The implanted Fe redistributes at some time

during the first stage of the anneal to produce a relatively uniform concentration profile

in the 7-phase. The subsequent annealing behaviour is dependent on the annealing

environment. For anneals in O2, the Fe appears to be present in the CK-AI2O3 as

substitutional (A l i - zFe^Os or in the form of small particles of diamond cubic Fe3C>4

containing Al. This behaviour is similar to that observed for room temperature implants

of Fe annealed in 02- For anneals in a reducing environment, the Fe is largely insoluble

in the recrystallised a-Al2O3 layer and is consequently preferentially segregated in the

7-phase and pushed out to the surface in front of the a-Al2O3/7-Al2C>3 interface.
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FIGURE CAPTIONS

Fig. 1. RBS/channeling spectra for a sample of Q-AI2O3 implanted with Fe(160 keV,

4 x 1016/cm2) at liquid nitrogen temperature and then subsequently annealed in O2 at

900°C for 1 h. The random and aligned spectra from the Al sublattice are shown in (a)

and the Fe profiles are shown in (b).

Fig. 2. A cross-section TEM micrograph of the sample described in Fig. 1. The majority

of the implanted layer has transformed to 7-AI2O3 during the anneal and an ~ 100 A layer

of a-A^Oa has formed between the substrate and the 7-material.

Fig. 3 . RBS/channeling spectra for a sample of a-A^Oa implanted with Fe(160 keV,

4 x 1016/cm2) at liquid nitrogen temperature and then subsequently annealed in O2 at

1100°C for 1 h. The random and aligned spectra from the Al sublattice are shown in (a)

and the Fe profiles are shown in (b).

Fig. 4. A plan view TEM micrograph of the sample described in Fig. 3. The circular

structures are cavities ~ 200—400 A in diameter. The diffraction pattern (inset) indicates

that the material is <G001> a-Al2O3.

Fig. 5. RBS/channeling spectra for samples of Q-AI2O3 implanted with Fe(160 keV, 4 x

1016/cm2) at liquid nitrogen temperature and then subsequently annealed at temperatures

of 900, (a) and (b), 960, (c) and (d), and 1100°C, (e) and (f) for 1 h in 96% Ar, 4% H.
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