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Channeling study of amorphous phase foi-iiiation in Ni3B by ion implantation
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The amorphous phase formation in Ni38 single crystals bombarded at 90 K with "Kr+, 'Ni+,
"8+, and 'H+ ions is studied via in situ Rutherford backscattering and channeling experiments. It
is found that no threshold value of the density of deposited energy per incident ion exists for
amorphization and that, contrary to what was expected from previous experiments on ion-

bombarded metallic compounds, the amorphization kinetics does not depend on the mass of the in-

cident ions but is an almost hnear function of the number of atoms displaced in the atomic collision
cascades.

While ion implantation has been commonly used in the
past to produce amorphous metallic alloys, ' s the mecha-
nisms by which the amorphous layer is built under im-

plantation have only recently been investigated. The
study of the amorphization kinetics (i.e., the variation of
the fraction of amorphous volume with the implantation
fluence) has shown that the decisive parameter governing
amorphization was the chemical effect due to the presence
of the implanted atoms, the role of the damage cascades
being only to randomly shake up the implanted layer in
order to allow the system to choose its equilibrium config-
uration. Thus at sufficiently low temperature (where the
implanted species is not mobile in the host metal), the
amorphization curve presents a sigmoidal shape due to
the fact that an impurity concentration threshold exists
above which amorphization starts abruptly by the forma-
tion of amorphous clusters in the region where the local
concentration of implanted atoms exceeds a given value.
It was then of major interest to complete such a study by
investigating the effect of the damage cascades alone in
experiments where the chemical nature of the sample is
not modified by the ion bombardment. This can be done
by irradiating crystalline metallic alloys having an amor-
phous counterpart with inert ions.

It is believed from amorphization experiments on irra-
diated semiconductors that, depending on the energy den-
sity deposited by the ion beam (hence on the mass of the
irradiating ion), two different processes can occur in the
crystalline-to-amorphous transition induced by ion irradi-
ation: ' amorphization by defect accumulation above a
critical defect density in the linear cascade regime (light
ions); direct ion impact amorphization in the displacement
spike regime (heavy ions). It is clear that the amorphiza-
tion kinetics must present a sigmoidal shape in the former
case and a linear variation in the latter. Transmission
electron microscopy (TEM) and resistivity experiments on
various irradiated intermetallic compounds ' do not
show conclusively the validity of such a description in the
case of metals. It is moreover often assumed that, even at
low temperature, a minimal value of the density of de-
posited energy is required for amorphization.

The purpose of the present work is to show that a me-

TABLE I. Irradiation parameters: R~ and Rq are, respec-
tively, the ion projected range and the maximum damage depth
calculated with TRIM (Ref. 21).

Irradiating ion

11B

"Ni
"Kr

Ion energy (keV) R~ {nm) R~ (nm)

5
40

190
260

tallic compound prmenting an amoq hous countegart, ,
NliB, can be amorphized by irradiation with ions of medi-
um energy whatever their mass (even with hydrogen) and
that, at sufficiently low temperature (90 K), the amorphj-
zation kinetics is a linear function of the number of dis-
placement per atom (DPA) produced by the irradiating
ious. Amorphization was monitored by in situ Ruther-
ford backscattering (RBS) and channeling experiments.

Pure NiiB single crystals were grown in the [100]direc-
tion by C. B. Finch, using the Czochralski method. '

They were cut with an electrolytical saw in order to mini-
mize deformations, annealed 1 h at 450'C in vacuum and
electrolytically polished. Irradiations were performed at
90 K on the Centre de Spectrometric Nucleaire et de
Spectrometric de Masse-Orsay ion implanter in a ran-
dom direction with ions of different masses: iKr+,
ssNi+, "B+,and 'H+ which do not change (except H) the
chemical nature of the alloy. Ion dose rates were always
kept lower than 0.5 pAcm in order to prevent target
heating. The ion energies were chosen (see Table I) to ob-
tain comparable ion and defect depth distributions. Table
I gives the values of the ion (R~ ) and defect (Rd ) project-
ed ranges calculated with the TRM program ' for the dif-
ferent irradiation conditions. RBS spectra were recorded
in situ at the implantation temperature in the [100] and in
a random direction using the 380-keV He + beam
delivered by the implanter itself. The energy resolution is
about 10 keV, corresponding to a depth resolution of -80
A.
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FIG. 1. Aligned (open circles) and random (solid circles} RBS
spectra recorded on a Ni38 single crystal irradiated at 90 K with
360-keV 8'Kr ions. Analyzing particles: 380-keV He ions; en-

ergy calibration: 1.3 keV/channel.
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Figure 1 presents RBS spectra recorded on the Ni38
crystal irradiated with increasing fluences of Kr+ ions.
The corresponding aligned backscattering yields, normal-
ized to the random yields, are shown in Fig. 2 as a func-
tion of depth in the crystal. From that figure, it is clear
that, contrary to what was observed in the case of low-
temperature implantation experiments where a disor-
der peak was present at the implantation depth, the dam-
age profile is rather fiat from the surface to a depth
higher than Rq in agreement with the defect distribution
calculated by TRIM. ' This similarity between the experi-
mental damage profiles extracted from the channeling
data and the theoretical defect distributions is also ob-
served in the case of Ni, 8, and H irradiations. The de-

tailed analysis of the damage profile (which has been mea-
sured with a better accuracy on samples irradiated with
the final fluences using a 2-MeV He+ analyzing beam) is
the topic of a forthcoming paper and we will restrict the
present discussion to the comparison of the evolution with
the irradiation fluences of the dechanneling yield at the
maximum damage depth Rd (i.e., in a region where the
damage distribution is rather fiat in a depth window cor-
responding to our experimental resolution}.

It has been shown in Refs. 22 and 23 that the value of
the amorphous fraction a at the maximum disorder depth
can be extracted from a precise analysis of the dechannel-
ing curves (Fig. 2) by assuming that irradiation leads to
the formation of amorphous zones which produce a direct
backscattering of the channeled analyzing ions. 24 The
amorphous nature of the disordered alloy is demonstrated
(even for H irradiation) by additional grazing x-ray dif-
fraction experiinents on the samples irradiated at the final
fluence (i.e., when the disorder is total in the surface
layer). Figure 3 presents the evolution of the amorphous
fraction at Rd (determinei with the procedure developed
in Refs. 22 and 23) with the number of DPA (calculated
using the TRIM program ') produced by irradiation with
Kr, Ni, and 8 ions. It is worth noting that it was impos-
sible to extract the value of a in the case of the H irradia-
tion, due to the fact that H implantation creates a hydride
which causes an additional dechannehng for the analyzing
ions. However, when the total H fluence was reached, the
crystal was annealed at room temperature and H was seen
to desorb out of the sample; the remaining alloy was then
a pure amorphous Ni&8 alloy.

Figure 3 shows that the amorphization kinetics varies
nearly linearly with the number of DPA (with an ex-
ponential saturation at high fluences, more pronounced in
the case of 8 irradiation), whatever the irradiating ion
mass. The fits (solid lines} were done by assuming that
amorphization results from the coalescence of amorphous
clusters formed in the core of overlapping damage cas-
cades (Gibbons' model ) and growing under subsequent
ion impacts. The overlap number (number of times that
a damage cascade has to shake up a given volume of the
target to amorphize this volume) extracted from the fit is
1 (2 is also possible) in the case of irradiation with Kr ions
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FIG. 2. Depth dependence of the [100)-ahgned RBS yields,
normalized to the random yields, for 90 K Kr-irradiated Ni3B
single crystal. Krypton energy: 360 keV; analyzing particles:
380-keV He ions.
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FIG. 3. Evolution of the amorphous fraction a with the

number of displaced atoms by the irradiating ions at the max-
imum disorder depth for Ni38 irradiated at 90 K. The solid
lines are the best fit to experimental data using a modified Gib-
bons' model for amorphization.
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and 2 in the case of irradiation with Ni and 8 ions; the
transverse area of the amorphous zones (as defined in the
Gibbons' model ) formed by the bombarding iona varies
from 2.4X10 ' cm (radius -30 A) for Kr irradiation
to 1.5X 10 ' cm (radius -7 A) for 8 irradiation.
These values agree rather weB with the results of resistivi-

ty and channeling experiments on NiA1 irradiated at 80 K
with 360-keV Xe iona, ' '2 where direct ion impact
amorphization was observed and a comparable size of the
amorphous clusters derived from the kinetics. However,
they are in sharp contrast with the results of electron mi-
croscopy experiments on NiTi irradiated at 300 K with
2.5-MeV Ni ions, ' where an overlap number of the order
of 13 was needed to fit the sigmoidal shape of the
amorphization kinetics. Additional channeling experi-
ments on Ni38 single crystals irradiated at room tempera-
ture with Ni ions have shown that the latter discrepancy
is not due to irradiation temperature effects. This differ-
ence could then be explained by the fact that the degree of
amorphicity measured probably depends on the observa-
tion technique used. For instance, TEM may not detect
the early stages of amorphization, while resistivity and
channeling may sense disordered configurations not truly
representative of the amorphous state. An example is
provided by the comparison between TEM and channeling

results obtained on Ni-P and Pd-Si ion-implanted sys-

tems, ' ' which has however demonstrated that the
latter technique is a more sensitive indicator of partial
araorphization.

From the results given above, it is possible to calculate
the number of DPA created in a volume of the Ni38 tar-
get of size comparable to that of the amorphous clusters
formed during irradiation located at the maximum dam-

age depth. Such a calculation leads to a value of -0.03,
independent of the irradiating ion mass.

In conclusion, we have shown that (i) a metallic com-
pound having an amorphous counterpart can be amor-
phized with ions of mass as low as hydrogen when irradi-
ated at sufficiently low temperature; (ii) the amorphiza-
tion kinetics (expressed versus the number of DPA) is
nearly independent of the irradiating ion mass; (iii) a
small volume of the target is amorphized as soon as the
number of DPA in this volume exceeds a given threshold
value.
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