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ABSTRACT

The amorphization process of thin Al films by successive implantation with Mn* jons
at RT and LNT was studied by X—ray diffraction and Rutherfond backscattering. For each Mn
concentration strain and crystallite size were determined from X-ray line broadening. For RT im-
plantation amorphization sets in at approximately 1 2t% Mn by thermally activated local atomic
rearrangements which lead to the formation of amarphous clusters. At LNT, a supersaturated solid
solution is formed at mean Mn concentrations below 5 at%. At higher Mn concentrations amor-
phous clusters are formed throughout the sample in regions where the local struin leve] has reached
a threshold value which occurs at a critical local Mn concentration of 8.5 at%. The results indicate 2
preferential shori-range migration of Mn atoms from the remaining crystalline material toward the
amorphous formed at LNT causing a Mn depletion and partial recovery of the crystalline regions.
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1. Introduction

Amorphous materials are subject to many experimental investigations since

they exhibit a wide range of interesting properties. Recently, the amorphous
phase and its formation mechanisms have been studied by various methods. lon
implantation experiments are particularly suitable for a study of the mechanisms
since the amorphization process can be studied as a function of compaosition by
successive ion implantations.

In previous papers [1,2] the formation mechanisms of the amorphous phase
were studied in the ion-target system Mn - Al for different target temperatures.
1t was found that the strains induced by the forced introduction of Mn i[;"'ipurlty
atoms lead to severe distortions of the Al host lattice and thus provide the
driving force for the c-a transfarmation. Amorphization occurs by the
formation of small amorphous clusters of given, implantation temperature
dependent composition.

In this paper further details of the amorphization process in Mn implanted Al
thin films are reported. Strain and crystallite size parameters derived from X-ray
lire broadening data provide new infarmation on the evolution of the defect
structure during amorphization, in particular, a Mn depietion of the crystailine

regions in favor of the formation of amorphous clusters was found at LNT

implantation.

2. EXPERIMENTAL AND ANALYSIS

Potycrystalline Al films with thickness of appraximately 250 nm were prepared
by dc magnetron sputtering. The composition of the films was modified in steps
by successive Mn* ion implantations and was checked by Rutherford
backscattering (RBS). For details, see Refs.[1,2]. X-ray spectra of the thin film
samples were measured after each implantation step using a two-circle
diffractometer with Bragg-Brentano focusing geometry. The Cu rotating anode

generator was operated at 8 kW. Pure CuKa, radiation was obtained by using a



quartz monochromator. The instrumental resolution of the diffractometer was
determined by measuring several reflections of a Ge single crystal. The integral
breadth 520 of these reflections increased linearly with scattering angle 28 from
0.092° at 20 =27° to 0.100° at 20 = 88°. X-ray spectra of the thin films were
measured tn the angular range of 34° to 90° in 20, and the integral breadths of
the five fcc Al reflections detected in that angutar range were determined.

Strain and crystallite size analyses were performed based on a method
described by Kiug and Alexander [3}. This‘method uses integral line breadths as a
measure of line broadening. In a first step the instrumental broadening is
separated from the “physical” line oroadening by applying the paraboliic
relationship [3,4]. Strain and size parameters are obtained by plotting
v = (620)/tan’@ versus x =520/(tan@sin®) for several reflections, where 820 is
the physical line breadth. The slope of the lines (least-squares fits through the
" data points) is inversely proportional to the crystallite size. The ordinate
intercept is proportional to the square of the strain.

Representative examples of such plots are shown in Fig. 1 for a film implanted
at LNT with different Mn concentrations. Note the different scales in Figs. 1a-d.
Fig. 1ais a plot for an unimplanted sample. The different symbols stand for two
different measurements and indicate the reproducibility of our results. The
straight line fitted through the data points almost extrapolates to zero,
revealing the low strain level in the as-deposited films. From the slope a
crystallite size of 95 nm was calculated which is reasonable keeping in mind the
film thickness of about 250 nm and the fact that the crystallite size is not the
actual grain size but rather the size of coherently diffracting domains which may
be separated by extended defects like dislocations, stacking faults, small-angle
grain boundaries etc. (5] Therefore, the crystallite size determined by this
method may be taken as a measure of the density of extended defects, in

particular, dislocations [6). With increasing Mn concentration the siope of the

lines increases indicating a decrease of the crystallite size. The intercept, i.e. the
strain also increases with Mn concentration.

For higher Min concentrations {(11.4 at% in Fig. 1d} only the crystallite size
could be determined from the integral breadth of the (1 1 1) refiection, since the
higher order reflections were severely attenuated. The value thus obtained for
the crystallite size is still sufficiently accurate, since the strain contribution to the

total line broadening is generally small compared to the size contribution

especially at small scattering angles.

3. RESULTS AND DISCUSSION

Previous experiments {1,2) showed that for implantation at RT amorphization
sets in at a Mn concentration near t at% by thermally activated local atomic
rearrangements which lead to the formation of amorphous clusters. Further Mn
implantation leads to a growth of the amorphaous clusters by aggiomeration and
therfore to a linear increase of the amorphous fraction with Mn concentration
(2. 7

For implantation at LNT the formation of amarphous clusters by local atomic
rearrangements at small Mn concentration is not possible. Therefore, the Mn
atoms are incorporated substitutionally, i.e. a supersaturated substitutional
solution is formed at mean Mn concentrations below 5 at%. Due to the statistical
distribution of Mn atoms there are regions of different local Mn concentrations.
When the local Mn concentration in such a region has reached 8.5 at% the local
strain level has reached a threshold value leading to amorphization of that
region. The minimum size of the thus formed amorphous dusters was caiculated
to be 2x10-2! ¢m-3 from a fit of a statistical mqgel {1,7,8] to the experimentally
determined amorphization curve, which is a plot of the amorphous fraction
versus Mn concentration [1].

In the following sections the variation of strain and crystallite size with Mn

concentration will be reported for implantations at RT and LNT. The results will



be discussed with respect to the amorphization process. In particular, it will be
shown that for implantation at LNT there are indications of a preferential short-
range migration of Mn atoms from the remaining crystaliine regions toward the
amorphous clusters leading to a Mn depletion and partial recovery of the

crystalline regions.

A. RTIMPLANTS
The impact of the Mn implantation on the crystallite size is shown in Fig. 2
which is a plat of the crystallite size versus Mn concentration. The crystallite size
of the as-deposited films ranges from 80 to 100 nm. The implantation leads to a
monotonic decrease of the crystallite size with Mn concentration. This is due to
two different mechanisms: Firstly, the implantation of heavy ions into Al gives
rise ta the formation of a large number of dislocations. This was observed for Ni
implantation into Al by channeling and TEM (9] and also for Mn implantation
‘ into Al [1]. In this way orniginally large crystallites are split u&into incoherently
diffracting domains and the crystallite size as determined by X-ray diffraction
decreases. Secondly, starting at 1 at% Mn amorphous clusters of composition
Alg.gzMng 15 are formed [2]. This causes a shrinking of the crystallites simply
because the amorphous clusters grow at the expense of the crystalline material
as the Mn concentration is increased. At high Mn concentrations, where the
samples are already mostly amorphous the crystallite size saturates at
approximately 25 nm.

The strains in the films could be determined from the broadening of the X-ray
lines at Mn concentrations of up to 10 at%. Beyond 10 at% Mn the line
broadening is dominated by the effect of small crystallite size. Fig. 3 shows that
the as-deposited films are only slightly strained. With increasing Mn
concentration an accumuiation of strain is observed reaching a maximum near
4 at% Mn. Strain determination by line broadening is sensitive to local strains

around defects [5,10). The strain accumulation is therefore attributed to

distortions associated with the high density of ion implantation induced
extended defects and the formation of severely distorted regions in the vicinity
of the implanted Mn atoms. The decrease of the strains at h,igher Mn
concentrations is due to progressive amorphization and related partial recovery

of the distorted crystalline material, in agreement with previous results [1,2].

'B. LNT IMPLANTS

The effect of Mn impiantation at LNT on the crystallite size of the Al thin film
samples is shown in Fig. 4 which is a plot of the crystallite size verin‘.:s‘ Mn
concentration. The crystallite size of the as deposited films is again in the range
from 80 to 100 nm. 'Between 0 and 4 at% Mn the crystallite size decreases with
Mn concentration. Unlike at RT, where the decrease in this concentration range
was attributed to both the creation of a large number of extended defects and
partial amorphization of the samples, implantation at LNT does not lead to
amorphization below 4-5 at% Mn. This is shown in Fig. 5 which is a plot of the
amorphous fraction versus Mn concentration. Therefare, the only mechanism
leading to a decrease in the crystallite size in this concentration range is the
creation of a large number of extended defects induced by the implantation of
Mn ions.

Between 4 and 5 at% Mn a sudden increase of the crystailite size from 40 to 65
nm is observed. Ths increase coincides with the onset of amorphization as shown
in Fig. 5, i.e. with the first formation of an appreciable number of amorphous
clusters. Therefore, we conclude that this increase is due to a reduction of the
density of extended defects in the damaged crystalline material induced by the
onset of amorphizat_ion. A similar effect can be deduced from line broadening
data published by Ewing etal. {11] who have studied the c-a transition in
a-particle damaged natural Zr$iQj4.

This interpretation is further supported by X-ray line intensity and channeling

data published previously (1], which indicate that the number of Mn atoms on
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substitutional sites in the crystalline material is reduced by the onset of
amorphization: As.outlined in Ref. 1 the slope m in the modified Wilson plots,
which are plots of the logarithmic ratio of integrated X-ray line intensities before
and after implantation versus the square of the scattering vector, is a measure of
the local distortions around the Mn atoms in the crystalline maternial. This
quantity is piotted versus Mn concentration in Ifig. 6. The linear increase of m
with Mn concentration between 0 and 4-5 at% Mn is due to the increasing
number density of Mn atoms which distort their local atomic environments
severely. Once amorphization has set in these (ocal distortions are relaxed within
a concentration range of 2-3 at%. This effect can be explained by a reduction of
the number density of Mn atoms in the crystalline material coinciding with the
oriset of amorphization. If the number density of Mn atoms in the crystalline
material was left unchanged, we would expect a saturation of the local
distortion in ctear ¢pntrast to m-values shown in Fig. 6.

A further indication of this reduction is given by channeling data from which
the fraction {; of Mn atoms on substitutional lattice sites was determined. The
substitutional fraction f; which is plotted versus Mn concentration in Fig. 7, is
almost unity below 5 at%, i.e. prior to the onset of amarphization. Coinciding
with the anset of amorphiaztion the substitutican! fraction starts to decrease
reaching zero at =12 at% Mn. However, if the remaining crystalline material
was not affected by the newly formed amorphous clusters at Mn concentrations
above 5at% a constant, high substitutionality of the Mn atoms would be
expected.

From the results presented above we draw the conclusion that the formation
of amorphous clusters leads to a Mn depletion of the remaining crystalline
material and to a decrease of the density of extended defects, in particular,
dislocations. These effects are best understood by assuming that the amorphous
clusters attract Mn atoms from adjacent crystailine regions, i.e. there is a

preferential short-range migration of Mn atoms from crystaliine regions toward
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the newly formed amorphous clusters. The simultaneous decrease of the density
of extended defects could be due to a pinning of dislocations by the impurity
atoms: once the Mn impurity atoms are removed from the crystalline material
the dislocations are annealed, possibly by annihilation at the interfaces with the
amorphous clusters.

At Mn concentrations beyond 5 at% the growth of the amorphous phase that
progressivély consumes the crystalline regions becomes dominant, which
accounts for the resumed reduction of the crystallite size as the amorphization
proceeds. At high Mn concentrations, where the samples are alreac_]y- mostly
amorphous, the crystallite size saturates at approximately 15 nm in a similar
fashion as observed for the RT implants. The fact tﬁat the saturation value of the
crystallite size at RT (25 nm) is larger than at LNT {15 nm) indicates that the
remaining crystalline regions at high Mn concentrations are less damaged at RT
than at UNT. This is due to a better annealing of the damage and a strong
enhancement of the short-range migration of Mn atoms toward the amerphous
ciusters at higher temperatures.

The strains in the thin films implanted at LNT were determined at Mn
concentrations below 7 at%. At higher Mn concentrations the considerable
reduction of line intesities by partial amorphization and the domination of the
line broadening by the size effect made an ar-urate determination of the strains
difficult. Referring to Fig. 8, we observe an accumulation of strains at Mn
concentrations below ~5 at% in a similar fashion as observed at RT. This strain
accumulation is therefore thought to be due to the same mechanisms:
distortions around extended defects and severely distorted regions in the
immediate vicinity of the Mn atoms. At a Mn concentration of 6.5 at%, i.e. after
the oﬁset of amorphization there is an indication for a strain relaxation but this

effect could not be measured at higher Mn concentrations for intensity reasons.



4. SUMMARY AND CONCLUSIONS

The amorphization process in the ion-target system Mn +Al has been studied
by Mn implantation intg thin Al films held at RT and LNT. In both cases,
amorphization occurs by formation of amarphous clusters. The formation
mechanisms of the clusters depend strongly on target temperature:

At RT, vacancies and impurity atoms are mobile, so :morphous clusters are
formed at low Mn concentrations by local atoemic rearrangements leaving the
remaining crystaltine material essentially devoid of Mn atoms. Further Mn
implantation leads to a growth of the amorphous clusters by agglomeration.

At LNT, there is essentially no atomic mobility, therefore the Mn atoms occupy
mostly substitutional lattice sites at low concentrations. Only when focally a
critical Mn concentration is reached such that the local strain value cannot be
tolerated by the crystalline phase anymore, an amorphous cluster is formed.
Once these amorphous clusters are formed the damage in the remaining
crystalline regions is reduced by a preferential short-range migration of Mn

i atoms from these regions to the amarphous clusters, i.e. a Mn depletion of the
crystalline material. Obviously, the presence of amorphous clusters is a
prerequisite for this short-range Mn migration. The simultaneous reduction of
the dislocation density in the crystalline regions may be due to a pinning of the
dislocations by the Mn atoms and their subsequent annealing induced by the Mn
depletion of the crystalline material. ’

A comparative study of the amorphization process by Ni impiantation into Al
is presently being carried out to test the applicability of the results and
conciusions reported herein to other systems.
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

' Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

X-ray line broadening data of a thin Al film implanted with
ditferent Mn concentrations. y = (§20)24an’@ is plotted versus
x = 520/(tan@sin®); 520@: integrai breadth of an X-ray line at ©.
In this plot the slope of the fitted line is inversely proportional to
the crystallite size and its intercept is proportional to the square
of the strain {3).

Crystallite size of thin Al films implanted with Mn* ions at RT
plotted versus Mn concentration. Different symbois stand for
different samples.

Strain in thin Al films implanted with Mn* ions at RT plotted
versus Mn concentration. Different symbols stand for different
samples.

Crystallite size of thin Al films implanted with Mn* ions at LNT
plotted versus Mn concentration. Different symbols stand for
different samples.

Amarphous fraction of thin Al films implanted with Mn* ions at
LNT plotted versus Mn concentration.

Slope m in the modified Wilsen plots of thin Al films implanted
with Mn* ions at LNT plotted versus Mn concentration as a
measure of the local distortions around the Mn atoms. Different
symbols stand for different samples.

Fraction of Mn atoms occupying substitutional lattice sites in an
{110]-oriented Al single crystal implanted with Mn * ions at LNT
plotted versus Mn concentration,

Strain in thin Al films implanted with Mn* ions at LNT plotted

versus Mn concentration. Different symbols stand for d¢ifferent

samples.
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