Journal of Alloys and Compounds, 194 (1993) 389-400
JALCOM 7202

389

In situ studies of amorphization of the Ge-Al and Si-Al systems
induced by 1 MeV electron irradiation
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Abstract

Ge-Al and Si-Al bilayer specimens, and also Al-2.3at.%Ge two-phase alloy specimens, were irradiated in situ
with 1 MeV electrons at temperatures in the range 10-190 K in a high voltage electron microscope. The Ge
precipitates in the Al-2.3at.%Ge alloy disappeared completely at a critical fluence (®,) of approximately 2.4 X 10
cm~? (24 displacements per atom (dpa) in Ge and 14 dpa in Al) for specimens irradiated at 10 or 50 K; this
is the same value of @, at which Ge-Al bilayers are found to contain an amorphous phase. At 10 K an irradiated
Ge-Al bilayer specimen is found to have an amorphous phase at the interface only when a Ge layer faces the
incident electron beam, while for a Si-Al bilayer specimen amorphization occurs at the interface independent
of the direction of the incident beam with respect to a bilayer. For Ge-Al bilayer specimens &, is approximately
2.5%10% cm™? (25 dpa in Ge and 15 dpa in Al). For Si-Al bilayers &, is approximately 3 X 10% cm~2 (19 dpa
in Si and 18 dpa in Al). The temperature dependence of &, is also studied for a Ge-Al bilayer specimen. The
value of &, is a constant for 7< =160 K, and then it increases rapidly with increasing T; @, becomes immeasurably
large (more than 70 dpa in Ge and more than 43 dpa in Al) at a critical temperature of about 190 K. The
temperature dependence of the crystalline to amorphous transition is explained in terms of a recoil-implantation
mechanism, coupled with a radiation-enhanced monovacancy diffusion mechanism for Ge atoms in Al, and an
athermal contribution to Ge diffusion in Al via an electron-beam stimulated monovacancy migration mechanism.

1. Introduction

Formation of an amorphous phase at the interface
region between Si or Ge and a pure metal (eg. Au
and Pd) can be observed during a high-energy electron-
beam irradiation experiment [1]. This phenomenon is
of interest because electron irradiation experiments do
not render elemental crystalline Si or Ge specimens
amorphous at temperatures as low as 10 K [2-5], while
Si or Ge specimens are readily amorphized when ion
irradiated at room temperature (7T} to a fluence of less
than 1 displacement per atom (dpa); e.g. see refs. 6
and 7. Two-phase Al-0.7at.%Ge or Al-0.94at.%Ge alloy
specimens containing plate-shaped Ge precipitates were
claimed to undergo a crystalline to amorphous (c-to-
a) transition when irradiated with 1 or 2 MeV electrons
at 143 or 170 K {8, 9]. Two mechanisms have been
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proposed to account for this result. First, the c-to-a
transition is attributed to the amorphization of Ge
precipitates when the vacancy concentration in the Ge
precipitates exceeds a critical value [8]. The Ge-Al
interface is assumed to act as a biased sink for mobile
Ge self-interstitial atoms (SIAs) generated during elec-
tron irradiation; this is suggested to lead to a steady-
state vacancy concentration significantly greater than
the vacancy supersaturation in an electron-irradiated
pure Ge specimen. A second set of experiments, how-
ever, suggests a different mechanism [9]. In fact, the
latter researchers observed that amorphization occurs
initially at the interface farthest from the incident
electron beam, when the normal to a plate-shaped Ge
precipitate is parallel to the direction of the incident
beam [9]. Amorphization should therefore result from
the formation of an alloy at a Ge-Al interface via an
irradiation-induced recoil-implantation mechanism. The
recoiling of Ge atoms into an Al matrix as a result of
the elastic transfer of energy from the high-energy
electron beam plays an essential role in this mechanism,
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and it is different from the mechanism suggested in
ref. 8.

To understand in detail the mechanism of the amor-
phization process occurring at Ge-Al or Si-Al interfaces
during an electron irradiation, we performed in situ
1 MeV electron irradiation studies on Ge-Al and Si-Al
bilayer specimens at temperatures in the range 10-
190 K in the 1 MeV high voltage electron microscope
(HVEM) at the Argonne National Laboratory. The
specimens were prepared by vapor deposition of an Al
layer onto a prethinned Ge or Si disk. For an irradiation
at 10 K it was found that for Ge-Al bilayer specimens
amorphization occurs only when the Ge side of a bilayer
specimen faces the incident beam, while for Si-Al
specimens amorphization occurs independently of the
direction of the incident beam. Critical irradiation
fluences (@.’s) for a c-to-a tramsition to occur were
measured. We also studied the temperature dependence
of &, for amorphization of a Ge-Al bilayer specimen,
and found that a critical temperature (190 K) exists
above which no amorphization is observed. In addition,
Al-2.3at.%Ge two-phase alloy specimens containing Ge
precipitates were irradiated at 10 or 50 K with 1 MeV
electrons. The Ge precipitates disappeared completely
at ¥.=24 dpa for Ge, and this is the same value of
&_ at which Ge-Al bilayers are found to contain an
amorphous phase at the Ge-Al interface. The tem-
perature dependence of the c-to-a transition for Ge-Al
bilayers is explained in terms of a recoil-implantation
mechanism, coupled with a radiation-enhanced mon-
ovacancy diffusion mechanism for the Ge atoms in Al,
and an athermal contribution to Ge diffusion in Al via
an electron-beam stimulated monovacancy migration
mechanism [10, 11].

2. Experimental procedures

We prepared: (i) Al-2.3at.%Ge alloy specimens con-
taining pure Ge precipitates in an Al matrix; (ii) Ge-Al
and Si-Al bilayer specimens.

(i) Specimens with pure Ge precipitates were obtained
in an Al-2.3at.%Ge alloy, in the form of a foil, which
had been heat-treated by a combined quenching and
aging procedure, i.e. a foil was solution-treated at 770
K and then quenched into an iced-brine solution; it
was then annealed immediately at 430 K for 10 h to
grow the Ge precipitates. After this heat treatment
HVEM specimens were prepared by electrolytically jet-
polishing disks with a diameter of 3 mm employing a
solution of 20% perchloric acid and 80% ethyl alcohol;
the disks were cut directly from the foils. We observed
the specimens initially by conventional transmission
electron microscopy (TEM). Figure 1 is a bright-field
micrograph of a specimen showing plate-shaped Ge
precipitates in an Al matrix; the inset is the corre-

Fig. 1. ATEM image exhibiting Ge precipitates in an Al-2.3at. %Ge
alloy specimen after a combined quenching and aging heat
treatment. The inset is the corresponding SADP with a [110]
zone axis. The strong spots correspond to reflections from the
Al matrix and the weak ones, surrounding the Al reflections,
from Ge precipitates.

sponding selected area diffraction pattern (SADP). The
Ge precipitates are single crystals and their orientation
relationship with the Al matrix is [110],,//[110]s. and
{111},,/ /{111}¢,; this relationship is consistent with
other results [12, 13].

(ii) Ge-Al or Si-Al bilayer specimens were prepared
by vapor deposition of Al onto Ge or Si disks with a
diameter of 3 mm that were cut from Ge wafers with
a [110] normal or Si wafers with a [111] normal. The
Ge or Si disks were thinned by grinding, followed by
dimpling, and finally chemical etching with a solution
of HF:H,0,:H,0 (2:1:30 by volume) for Ge disks and
a solution of HF:HNO; (1:9 by volume) for Si disks.
The thinned disks were rinsed in deionized water before
they were inserted into a vacuum evaporator. An Al
layer 40 nm thick was vapor-deposited onto the Ge or
Si disks at room temperature at a pressure of ap-
proximately 10~¢ Torr; the deposition rate was 1 nm
s~ 1. The vapor-deposited Al layers were polycrystalline
with a grain diameter of about 100 nm.

In situ 1 MeV electron irradiation experiments were
performed in a 1 MeV HVEM equipped with a specially
fabricated liquid-helium cooled double-tilt stage [14].
This stage allowed us to maintain a specimen at any



X. W. Lin et al. | Amorphization of Ge-Al and Si-Al systems 391

temperature between about 10 and 300 K during an
irradiation. For the Al-2.3at.%Ge alloy specimens in
situ irradiation experiments were performed at 7=10
or 50 K with a flux (¢) of 3X10" cm~2 s™, and a
total fluence (P,.,) as large as 4.4x10% cm ™2

Two types of irradiation experiments were performed
on Ge-Al or Si-Al bilayer specimens at 10 K: (i) the
Ge or Si layer of a Ge-Al or Si~Al bilayer specimen
faced the direction of the incident electron beam (Fig.
2(a)); or (ii) the Al side of the same bilayer specimer.
faced the incident beam (Fig. 2(b)). The latter exper-
iment was performed simply by inverting the same
specimen. The same flux (¢=3Xx10” cm~?s~"), T=10
K and &,,,;=5.3X10” or 6.7X10* cm~2? for Ge-Al
or Si-Al bilayer specimens respectively were used for
both experiments.

We also studied the temperature dependence of &,
for an electron-irradiated Ge-Al bilayer specimen. For
six different temperatures between 10 and 190 K we
used six different areas of the same specimen, i.e. for
each temperature an area free of radiation damage
was utilized. The geometry of Fig. 2(a) was employed
for this experiment, as irradiation-induced amorphi-
zation of Ge-Al bilayer specimens occurs only for this
configuration (see below); ¢=3X10" cm~2 s~ was
used at each temperature. At each temperature SADPs
were recorded after an increment of fluence (A®P) of
roughly 5% 10%* cm~2. The value of &, was determined
as the @ value at which diffuse scattering rings first
appeared on negatives. SADPs were not recorded unless
A was achieved; the appearance of diffuse scattering
rings during an increment of A® was therefore not
detectable. The uncertainty in determining &, is ap-
proximately AP/P..

The fluence (cm~?) is converted to the number of
displacements per atom (dpa) using tabulated dis-
placement cross-sections [15], and measured displace-
ment threshold energies (7,) equal to 15, 17 and 16
¢V for Ge [16], Si [17, 18] and Al [19] respectively.
The value ®=10* c¢cm~? corresponds to 10, 6.4 and
6.1 dpa for Ge, Si and Al respectively. Finally, the
values of A® are 5, 3.2 and 3.05 dpa for Ge, Si and
Al respectively.

1 MeV ELECTRONS

b >~

(a) (b)

Fig. 2. A schematic diagram illustrating the two configurations
of Ge-Al or Si-Al specimens used in our 1 MeV electron beam
irradiation experiments: (a) the Ge or Si layer is facing the
incident beam; (b) the Al layer is facing the electron beam.

3. Experimental results

3.1. 1 MeV electron irradiation experiments at 10 or
50 K

3.1.1. Two-phase Al-2.3at.%Ge alloy specimens

irradiated at 10 or 50 K

Two-phase Al-2.3at.%Ge alloy specimens were ir-
radiated at T=10 or 50 K with 1 MeV electrons and
¢=3%x10" cm~? s~!. The dark-field electron micro-
graphs in Fig. 3 illustrate typical results for specimens
that had been irradiated at 50 K. The images in Fig.

Fig. 3. HVEM dark-field micrographs and their corresponding
SADPs of an Al-2.3at.%Ge specimen irradiated to a sequence
of fluences at 50 K; the dark-field images were from a Ge (220)
diffraction spot as shown in the SADPs: (a) before irradiation;
(b)irradiated t0 5.9 X 10%%; (c) irradiated to 1.8 X 10%; (d) irradiated
to 2.4 X 10% cm~2. Note that the intensity of the Ge (220) reflection
diminishes with increasing fluence, while the crystalline Ge pre-
cipitates gradually disappear from the irradiated zone.
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3 were recorded employing the (220)¢, reflection from
Ge precipitates, as shown in the accompanying SADPs;
each bright spot indicates a Ge precipitate. Figure 3(a)
was taken before irradiation, and Figs. 3(b)-3(d) were
recorded after irradiating to 5.9 X10%%, 1.8X10* and
2.4X10%* cm™? respectively. Qualitatively the number
density and the mean diameter of Ge precipitates
decrease gradually, while the intensity of the (220)g,
reflection diminishes slowly with increasing @; for com-
parison, arrows indicating two Ge precipitates are given
in Figs. 3(b) and 3(c). The Ge precipitates disappear
almost completely from the irradiated zone at
®=2.4x%10" cm~? (24 dpa in Ge and 14 dpa in Al).
The Ge reflections become very weak at this value;
they do not, however, completely disappear from the
SADPs for @, =4.4%X10> cm~? (44 dpa in Ge and
27 dpa in Al). These results are qualitatively similar
to those reported previously on this alloy [8]. Since
diffuse scattering rings are not observed in our ex-
periments, we cannot determine from this type of
experiment whether the disappearance of Ge precip-
itates from the dark-field images is the result of amor-
phization of Ge precipitates or simply their dissolution
induced by electron irradiation. The resolution of this
dilemma was obtained from experiments on Ge-Al
bilayer specimens that demonstrated that a c-to-a tran-
sition occurred at the Ge-Al interface when a bilayer
specimen was irradiated at 7=10 or 50 K with 1 MeV
electrons. The absence, therefore, of diffuse scattering
rings for an electron-irradiated two-phase alloy specimen
is attributed to the fact that the volume fraction of
the amorphous phase was not sufficient to cause these
rings.

3.1.2. Ge-Al or Si-Al bilayer specimens irradiated at

10 K

Irradiation of a Ge-Al bilayer specimen with 1 MeV
electrons at 10 K was found to induce a c-to-a transition
only if the Ge side of the bilayer specimen faced the
direction of the incident beam: we call this effect selective
amorphization. Figure 4(a) is a bright-field image of a
Ge-Al bilayer specimen before irradiation; the crys-
talline Al grains (approximately 100 nm in diameter)
are in dark contrast. Figure 4(b) is the corresponding
SADP; the strong diffraction spots in the SADP are
{311}-type reflections from the Ge single crystal layer,
while the weak ones, that form concentric rings, are
attributable to the vapor-deposited polycrystalline Al
layer. For a Si-Al specimen similar micrographs were
obtained. Figure 5 exhibits SADPs of the same Ge-Al
bilayer specimen irradiated at 10 K with ¢=3x10"
cm~ 287! t0 D =5.3%X10" cm 2 (53 dpa in Ge and
32 dpa in Al). Figure 5(a) is for the Ge layer facing
the direction of the incident beam. Here the appearance
of diffuse rings, in comparison with Fig. 4(b), indicates

Fig. 4. HVEM images of a Ge-Al bilayer specimen before an
irradiation: (a) bright-field electron micrograph showing Al grains
on the Ge layer; (b) the corresponding SADP. The indexed
strong spots are from Ge single crystal reflections and the weak
spots, forming concentric rings, are from the polycrystalline Al
layer.

the formation of an amorphous phase in the Ge-Al
bilayer. These diffuse rings first appeared at
@,=2.5%x10 cm~? (25 dpa in Ge and 15 dpa in Al)
and their intensities increased with increasing fluence.
We reported previously a value of &.=3x10% cm~2
[20]; the difference between these two values arises
from uncertainty in determining the value of @. When
an Al layer faced the direction of the incident beam
(Fig. 5(b)), no diffuse rings were observed for
Dy =5.3%10* cm™2 (53 dpa in Ge and 32 dpa in
Al). We observed that both the Ge and the Al reflections
became diffuse because of irradiation-induced secondary
defects, i.e. a high density of dislocations produced by
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Fig. 5. HVEM SADPs of a Ge-Al bilayer specimen after an
irradiation to 5.3%x10* em~? at 10 K. The strong indexed spots
are Ge single crystal reflections, while the weak spots forming
rings are from the polycrystalline Al layer. (a) The Ge layer
faces the incident beam (Fig. 2a); the presence of diffuse scattering
rings indicates formation of an amorphous phase. (b) The Al
layer faces the incident beam (Fig. 2(b)). No diffuse rings are
present.

10K

Fig. 6. HVEM SADPs of a Si-Al bilayer specimen after an
irradiation to 6.3 10> em~? at 10 K. The strong indexed spots
are Si single crystal reflections, while the weak spots forming
rings are from the polycrystalline Al layer. (a) The Si layer faces
the incident beam (Fig. 2(a)). (b) The Al layer faces the incident
beam (Fig. 2(b)). The presence of diffuse scattering rings is an
indication of the formation of an amorphous phase.

the precipitation of mobile SIAs; the mobile SIA is
most probably Ge (see below).

A Si-Albilayer specimen, irradiated at 10 K, exhibited
different behavior. Irradiation-induced amorphization
occurred in a Si-Al bilayer specimen independent of
the direction of the incident beam with respect to a
specimen. The diffuse rings observed when the Si side
of a Si-Al bilayer specimen faced the incident beam
(Fig. 6(a)), or wice versa (Fig. 6(b)), indicate an amor-
phous phase. They first appeared at $.=3x 10 cm ™2

(19 dpa in Si and 18 dpa in Al), and their intensity
increased  with  increasing @, we  achieved
D =6.3%102 cm~? (40 dpa in Si and 38 dpa in
Al).

The center of the first diffuse ring in the SADP of
an electron-irradiated Ge-Al (Fig. 5(a)) or Si-Al (Figs.
6(a) or 6(b)) bilayer specimen is at a Bragg angle
corresponding to the (111) reflection from crystalline
Ge or Si, and the center of the second diffuse ring
has a spacing between those of the (220) and (311)
reflections from crystalline Ge or Si. The diffuse rings
in Figs. 5(a), 6(a) or 6(b) constitute diffraction patterns
almost identical with those observed for pure amorphous
Ge [21] or Si [22] thin films.

An important question is whether the composition
of an irradiation-induced amorphous phase in Ge-Al
or Si-Al bilayer specimens can be deduced from the
difference in the spacings of diffuse rings of an observed
amorphous phase and pure amorphous Ge or Si. It
was reported previously that amorphous thin films of
Ge Al _, (x=>0.5) [21] and SiAl,_, (x=0.6) [22] can
be made by a vapor coevaporation technique; the sub-
strate temperature was maintained at room temperature
or 77 K during deposition. TEM studies of these
amorphous thin films showed that the diffuse scattering
rings in SADPs change with the composition of a thin
film. The change in the diffuse scattering ring spacings
relative to that of a pure Ge or Si amorphous thin
film (x=1.0) is, however, small, ie. less than 5% in
Ge,Al, _, for 0.5<x<1.0, and less than 3% in Si,Al,_,
for 0.6<x<1.0. This small effect therefore makes it
difficult to deduce precisely the compositions of irra-
diation-induced amorphous phases by measuring the
diameters of diffuse scattering rings.

3.2. Temperature dependence of P, for Ge-Al bilayer
specimens in the range 10-190 K

A value of @, exists at which an electron irradiation-
induced c-to-a transition is observed in Ge-Al or Si-Al
bilayer specimens. To understand this result we studied
the temperature dependence of @, for Ge-Al bilayer
specimens. Here the Ge side of a bilayer specimen
faced the incident beam (Fig. 2(a)); ¢=3x10" em~*
s~! was used in the range 10-190 K. The results are
presented in Fig. 7, where the measurement error in
the value of @, is approximately +20% at ¢, =2.5x 10>
cm % Note that the value of &, is constant at ap-
proximately 2.5x 10> cm~? (25 dpa in Ge and 15 dpa
in Al) for T<160 K, and then increases rapidly in the
range 160-190 K. The value of @_becomes immeasurably
large at a critical temperature (7,) of 190 K, as no
sign of amorphization was detected at T=190 K for
D =7X 107 em 2 (70 dpa in Ge and 43 dpa in Al);
this result is represented in Fig. 7 by a verticle arrow
with its origin at T=190 K and &, =7x10** cm ™2
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Fig. 7. The variation of the critical fluence for amorphization
to occur (&.) with temperature (T) of a Ge-Al bilayer specimen
subjected to 1 MeV electron irradiation at a constant flux (¢)
of 3x 10" em~2 s™%. The Ge layer of the bilayer specimen faces
the incident beam. No amorphization is observed above a critical
temperature (T) of roughly 190 K. The calculated ¢ as a function
of T is denoted by the dashed curve (see Section 4.2 for the
details of the model used to calculate this curve).

4. Discussion

4.1. Recoil implantation effects in Ge-Al or Si-Al
bilayer specimens

We now discuss the amorphization of Ge-Al or Si-Al
bilayer specimens induced by electron irradiation at 10
K in terms of the elastic collision processes that occur
when energetic electrons encounter atoms of a bilayer
specimen. During an electron irradiation a fraction of
the kinetic energy of an incident electron is transferred
to an atom of the layer facing the incident beam, layer
A. An A atom in the interface region may recoil into
the bottom layer, layer B, if the energy transferred to
an A atom is greater than the minimum energy required
to displace it permanently from its lattice site (7). In
this manner A atoms are implanted into layer B via
a recoil mechanism. We employed the TRIM-88 Monte
Carlo code [23] to simulate the range profile of Ge in
Al employing an incident Ge ion energy of 60 eV; this
yielded a mean range of 0.9 nm and a straggling of
0.2 nm. The total displacement cross-section for an A
atom (o0,) is a function of T, the kinetic energy of
the incident electrons (E), the atomic number (Z), and
the atomic mass (M) of the recoiling A atoms. For
E>mc*=0.511 MeV (the energy of an electron as-
sociated with its rest mass) o, is given by:
N 27w Z%" oy 27

T, Mc? (1.4x10 )TdN

Oa (em®) 1)
where e is the charge on an electron, ¢ the speed of
light and N the atomic mass number [24]. If we take
N=2Z then o, is directly proportional to Z. For a 1
MeV electron irradiation eqn. (1) gives an approximate
value of o,. We obtain the ratios og./0,;=2.4 and og;/
oan~1.1 with Z=32, 14 and 13; N=72.6, 28 and 27,
and T,=15, 17 and 16 eV for Ge, Si and Al respectively.

Taking the flux of A atoms recoiling into the layer B
(Jam) to be proportional to o,, it follows that Jg./a,
is approximately equal to 2.4 J,yg. and Jga, is ap-
proximately equal to 1.1 J,y. Therefore, for Ge-Al
bilayer specimens the flux of recoiling atoms is different
by a factor of about 2.4 depending on the direction
of the incident electron beam with respect to a specimen,
while Jgya, or Jays is approximately independent of
orientation for a Si-Al bilayer specimen. The diffusional
effects, both thermally activated and athermal, are
discussed below.

Recoil implantation of A atoms into the layer B leads
to the formation of a supersaturated solid-solution for
both Ge-Al and Si-Al bilayer specimens, as the solid
solubility of Ge or Si in Al and vice versa is extremely
small (less than 0.01 at.%) for T<300 K [25]. The
concentration of A atoms in the supersaturated solid-
solution, c,, is proportional to J, 5. If we assume that
a c-to-a transition takes place when ¢, exceeds a critical
value ¢$'5, which is related to @, at temperature, our
experimental results can be accounted for in terms of
the difference between J, 5 and Jg,,. For Ge-Al bilayer
specimens the value of @, when the Ge layer faces
the incident beam (Fig. 2(a)) is smaller than in the
inverse case (Fig. 2(b)), since Jg.a i approximately
equal to 2.4J ;.. The absence of amorphization when
an Al layer faces the electron beam may be attributed
to a low value of J, ., i-e. cShse cannot be reached
for the value of @, achieved. For Si-Al bilayer
specimens the value of ¢, is independent of the direction
of the incident beam with respect to a bilayer as Jg;
a1=1.1,,s:. The recoil-implantation mechanism is fur-
ther supported by the fact that a large value of &,
(about 25 dpa in Ge and about 19 dpa in Si) is required
to observe a c-to-a transition in Ge-Al and Si-Al bilayer
specimens, and also in Al-2.3at.%Ge two-phase alloy
specimens; these values are simply too high to be
consistent with the vacancy-accumulation mechanism
postulated in ref. 8. The high values of @, are a result
of electron-beam stimulated migration of recoil-im-
planted Ge atoms in Al via a monovacancy mechanism:
see Section 4.4 below.

We have assumed that c$is.=cS0, and
St =c§l, i.e. the critical concentration of Al in Ge
or Si is equal to that of Ge or Si in AL In fact,
cS's need not be equal to c§ih, as for Ge-Al bilayer
specimens the selective amorphization effect is favored
if ¢Siite>cS2,,. For amorphous thin films of Ge Al _,
or Si,Al, _, alloys prepared by vapor codeposition the
value of ¢§Ts was deduced from TEM observations [21,
22). It was found that c$ijg. =0 and c5a, =50 at.%Ge
for Ge,Al,_, alloys; and ¢$5%, =0 and ¢§ia, =60 at.%
Si for Si,Al,_, alloys. Thus Ge or Si can be vapor-
deposited in an amorphous state without Al, while a
significant Ge or Si concentration is required to render
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Al amorphous. We argue, however, that the value of
cShar or cSha, should depend on the experimental
conditions under which a thin film is prepared, e.g. the
substrate temperature and the deposition rate.

Based on the atomic size effect an empirical model
has been proposed to calculate & for metal-metal
and metal-metalloid systems [26]. Taking the atomic
radii of Ge, Si and Al to be 0.122, 0.118 and 0.143
nm respectively, this model yields ¢§}jg. =0.16 at.% Al
and c§Ja =026 at.% Ge for the Ge-Al system; and
cSisi=0.13 at.% Al and ¢4, =0.23 at.% Si for the
Si-Al system. These values are quite different from the
experimental values obtained for vapor-deposited thin
films of the Ge-Al and Si-Al systems. In this model
the value of c$75 is sensitive to the atomic size ratio
between atoms A and B. Since the atomic size depends
upon the composition and the structure of alloys, the
determination of the size factor of an element is am-
biguous and sometimes misleading, in particular when
a metalloid element is involved. In conclusion, we are
not able to make a definitive estimate of ¢$/3 for the
Ge-Al or Si-Al bilayer systems.

4.2. A phenomenological model to explain the
temperature dependence of P,

The temperature dependence of @, for the Ge-Al
bilayer specimens (Fig. 7) can be accounted for in
terms of the mobility of the recoil-implanted Ge atoms
in an Al matrix employing a phenomenological model.
During an electron irradiation with a flux ¢, the ac-
cumulation rate of Ge atoms at a given depth in the
Al layer is determined by two factors. The first is the
recoil implantation of the Ge atoms. This causes an
accumulation of Ge atoms at a rate « that is a constant
for a given ¢. The second is the temperature-dependent
mobility of Ge atoms. This results in a decrease in the
accumulation rate of Ge atoms. (We do not explicitly
include the temperature-independent electron-beam
stimulated migration of Ge atoms in Al in this model
as it is included in a: see Sections 4.3 and 4.4.) The
steady-state value of c¢s. results from a competition
between these two factors, and amorphization occurs
when the resultant ¢, exceeds ¢55ha,; as discussed in
Section 4.1 we do not a priori know the value of
c&ia. If we ignore the effect of the concentration
gradient of the Ge atoms in the Al matrix, then a
phenomenological rate equation for cg, may be written
as:

dcge
—F(;— AT WCGe (2)
where v is the temperature dependent jump frequency
of a Ge atom. If Ge atoms diffuse via a single thermally
activated mechanism then v is given by:

y= Voe“"&”‘T (3)

where v, is the ‘attack’ frequency of the Ge atoms (it
is within an order of magnitude of the Debye frequency
for Al), £, is the activation enthalpy for the migration
of the Ge atoms, and k is Boltzmann’s constant. It
should be noted that no terms for point defects (va-
cancies or SIAs) are introduced explicitly in eqn. (2).
The reason for this is that the mean range of the recoil-
implanted Ge atoms is very small (about 0.9 nm) and
the range profile is highly localized (the straggling
distance is 0.2 nm) in the region just below the Ge-Al
interface. The Ge atoms sit in a uniform sea of vacancies
and SIAs; the steady-state concentrations of vacancies
and SIAs are determined by the recombination volumes
and diffusivities of these point defects at a given ir-
radiation temperature. The above physical picture can-
not be described by the usual rate equations of radiation-
enhanced diffusion which assume that the point defects,
the solute atoms and point defect sinks are uniformly
distributed in an infinite space; see refs. 27-29. We
therefore use this simple phenomenological rate equa-
tion, eqn. (2), and describe the migration of the Ge
atoms by egn. (3).

With the initial condition that ¢5.=0 when ¢t =0, the
solution of eqn. (2) is:

a — vt
Coult)= 2 (1=e ) @)
For r— o the steady-state concentration is:

Cce(°°)= a_ <« NS KT (5)
14 Vo
This shows that cg.() decreases as temperature in-
creases because the mobility of the Ge atoms increases
exponentially with increasing temperature. An equation
for the temperature dependence of the irradiation
fluence, @(7T), necessary to cause amorphization can
be derived by using the relation &= ¢t. The critical

fluence @, follows from cg.(f) =cSiia), €.

o= 2 1n(1—cgr;;A, 3) (©)
14 o

Substituting eqn. (3) into eqn. (6) yields @, as a function

of temperature. At low temperatures v/a <1, and eqn.

(6) becomes:

e~ g, %
(54

In the low temperature range, therefore, @, is inde-
pendent of temperature, as observed experimentally.
In our experiments @,=2.5x10** em 2 for T<160 K
and ¢=3x10" em~? s, and we therefore obtain
from eqn. (7):
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cSala=d,/p=8.333X10° s (8)

According to eqns. (3) and (6) there is a critical
temperature, T,, at which

(cSlayye AT =1 ©)

this equation leads to @,— . T, is the critical tem-
perature above which the steady-state concentration,
cGeo(®), cannot reach cSo's, and, consequently, for 7> T,
a c-to-a transition cannot be observed during irradiation.
For our experimental data we find 7,=190 K. Using
eqns. (8) and (9), and y,=10" s~!, the value of the
activation enthalpy for the migration of Ge atoms can
be extracted from eqn. (9), ie. hg.=0.64 eV. Inter-
estingly, this value is approximately equal to the mi-
gration enthalpy of an Al monovacancy, iy =0.65 eV,
determined from the recovery behavior of quenched-
in monovacancies [30], and close to a ‘best’ value of
Ay (0.62 eV) [31].

The parameters in eqns. (3) and (6) are listed in
Table 1; the values of these parameters were used to
calculate @,(T) numerically and the results are shown
in Fig. 7 (the dashed curve). We note that @.(T) remains
constant for a wide temperature range, 0 to about 180
K, and then abruptly increases with increasing tem-
perature. The value of @(7) becomes immeasurably
large at 7=190 K. This phenomenological model is,
therefore, in good agreement with the experimental
results. Note that the predicted change in &,(7) as T
approaches T, is more abrupt than the experimental
data; this is expected for a single thermally activated
mechanism. If we introduce a second activation enthalpy
for migration, e.g. allow for migration of germanium
atoms via a divacancy mechanism, and consider the
effect of a Ge concentration gradient, arising from a
recoil-implantation profile, then a broader @.(T) vs. T
curve is expected.

The results and above interpretation of the amor-
phization effects observed for Ge-Al bilayer specimens
explain the dilemma presented by the results of ref.
8 and our results described in Section 3.1.1. In this
experiment the Ge precipitates are slowly dissolving
because of an electron irradiation. The dissolution
process results in the amorphization of the surrounding
Al matrix, but this amorphized material is difficult to

observe in SADPs because of the small volume fraction
of specimen affected. Alternatively the amorphization
process can be monitored in the SADPs employing a
bilayer geometry, because of the larger volume fraction
of specimen affected.

4.3. Interpretation of the activation enthalpy he.” in
terms of a point defect mechanism and radiation-
enhanced diffusion of recoil-implanted Ge atoms

In electron-irradiated pure Al specimens Stage Ig
recovery, which is now widely attributed to long-range
uncorrelated migration of aluminum SIAs, occurs be-
tween about 43 and 50 K [32, 33]. Since no change in
the value of @, is observed in this temperature range
we conclude that Al SIAs do not play a role in the
c-to-a transition as the Al SIA is freely mobile through-
out the range 50-190 K. The Ge or Si SIAs are also
freely mobile (a Stage I recovery peak has never been
observed for electron-irradiated pure Ge or Si) in the
range 10-190 K [34]; therefore neither Ge nor Si SIAs
play an important role in the c-to-a transitions we
observed.

Stage II recovery in quenched Al occurs between
200 and 350 K, while in electron-irradiated Al Stage
III recovery occurs in the range 200-250 K; see ref.
31 for a review of the critical experiments. Stage III
recovery in quenched or irradiated Al is generally
attributed to the long-range migration of vacancies.
Therefore, we now consider several relevant experiments
on Stage III recovery in irradiated or quenched pure
Al. The value of T, we observed is somewhat below
the temperature (228 K) at which a large isochronal
annealing stage was found in an Al specimen that had
been irradiated at 90 K with 2 MeV electrons [35].
The latter researchers [35] determined an activation
enthalpy of 0.62+0.04 eV for the recovery peak at 228
K, and attributed it to the migration of monovacancies
by comparison of this activation enthalpy with the value
observed for quenched and annealed Al [36]. The details
of Stage III recovery behavior of quenched Al are
dependent on the quench temperature (7). At a T,
of 773 K a low temperature recovery peak at about
213 K dominates, with an activation enthalpy between
0.44 and 0.50 eV, while for T,=573 K a single recovery
peak occurs at 293 K with an activation enthalpy of

TABLE 1. The parameters and their values used for numerical calculations of the critical fluence (®.) as a function of temperature (7)

Parameters Symbol Value

Electron irradiation fluence 1) 3x10* em™2 5!
Critical fluence at 10 K D, 2.5%10® cm~?
Ge atom attack jump frequency in Al v =10 57!
Activation enthalpy for Ge atom migration in Al under irradiation hie 0.64 eV?

*This value was determined by fitting the phenomenological model to the experimental data exhibited in Fig. 7.
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0.65 eV [30]. The reason for this difference between
the two values of T, is that at high T, a large con-
centration of divacancies is quenched-in along with the
monovacancies, and divacancies are considerably more
mobile than monovacancies [30, 31].

The relevant tracer diffusion data for the Al and
Al(Ge) systems under thermal equilibrium conditions
[37] are listed in Table 2. The activation enthalpies in
the expressions for the tracer diffusivities are the same,
1.26 eV, indicating that the binding free energy of a
monovacancy-germanium pair is negligible. Regarding
the migration of Ge atoms in an Al matrix the effective
monovacancy jump frequency is not affected by the
presence of Ge atoms, since the binding free energy
between Ge atoms and Al monovacancies is very small
[40, 41]. Consequently, the activation enthalpy for the
diffusion of Ge atoms, via a monovacancy mechanism,
is nearly identical with the activation enthalpy for self-
diffusion of Al atoms via a monovacancy mechanism.
Therefore we do not need to consider the binding free
energy of a monovacancy to a Ge atom in discussing
our results.

During irradiation without a mobile vacancy popu-
lation, accumulation of Ge atoms with a range profile
occurs in the Al at a temperature-independent rate;
strictly speaking this is a first-order approximation
because of the electron-beam stimulated migration of
Ge atoms in Al (see Section 4.4). Consequently, cg.
steadily increases and reaches cSl,,; therefore, &,
remains constant between about 10 and 160 K. As the
temperature approaches T, Ge atoms become mobile
because of the thermally activated migration of Al
vacancies. This leads to a decrease in the accumulation
rate of Ge atoms and, therefore, an increase in &..
For T> T, the mobility of Ge atoms is sufficiently large
to prevent cg,. from reaching c&%., and, therefore, no
amorphization occurs.

The monovacancy mechanism for the migration of
Ge atoms is also implied by the fact that the activation
enthalpy for Ge migration, A%, =0.64 eV, is nearly
equal to the migration enthalpy of Al vacancies,

w=0.62 eV [31] or 0.65 eV [30]. The only remaining
question is why did we observe an activation enthalpy
of 0.64 eV in the range 180-190 K, whereas in ref. 30

this activation enthalpy is observed at considerably
higher temperatures. The answer to this question lies
with the fact that the number of jumps (n;) of a Ge
atom required to reduce the Ge supersaturation nec-
essary for amorphization is small because of the narrow
range profile of the recoil-implanted Ge atoms and
their proximity to the Ge-Al interface.

The diffusivity of a monovacancy, D, (7T), in Al is
given by the tracer diffusion coefficient, D, divided by
the thermal equilibrium vacancy concentration, c,,:

D, (T)=0.055 exp(—0.60 eV/kT) cm* s~ * (10)

based on Dy data [37] and a critical evaluation of ¢,
for Al [42]. Equation (10) yields a value of D,, equal
t0 6.7Xx107*® cm? s ! at 190 K. The activation enthalpy
in the Boltzmann factor of eqn. (10}, 0.60 eV, is slightly
less than a ‘best’ value of the enthalpy of migration
of a monovacancy of 0.62 eV [31]. This difference is
most probably the result of uncertainties in the Boltz-
mann factors for Dy and ¢,. The radiation-enhanced
diffusivity of a Ge atom in Al, Dg., is the product of
this D, (T) and the steady-state monovacancy concen-
tration, ¢, at the same temperature, in the region of
the Ge implantation profile where the Ge atoms are
mobile, ie. D . =c.D\(T). If we take ¢}, to be the
saturation vacancy concentration, 2.8 X 10~ at.fr., for
electron-irradiation induced Frenkel pairs in pure Al
[43] then the root mean squared radiation-enhanced
diffusion distance of a Ge atom in Al at 190 K is 0.31
nm for 8333 s; the latter is the time to accumulate @,
between 10 and 160 K. This distance is approximately
1/3 of the mean range (0.9 nm) of the recoil-implanted
Ge atoms and 1.6 times the straggling distance (0.2
nm), therefore the radiation-enhanced diffusion of Ge
atoms at 190 K can partially help to explain the suppres-
sion of the c-to-a transition at this temperature, al-
though, as discussed in Section 4.4, there is also an
Important athermal contribution from the electron-beam
stimulated migration of Ge atoms in Al

4.4. Electron-beam stimulated migration of recoil-
implanted Ge atoms in Al

An additional process that contributes to the suppres-
sion of the c-to-a transition is electron-beam stimulated

TABLE 2. Point defect properties for pure Al, and tracer diffusion data for the Al and Al(Ge) systems at thermal equilibrium

Parameters Notation Value (eV) Ref.
Al monovacancy formation enthalpy hi, 0.69 38
Al monovacancy migration enthalpy v 0.65 30
“Best value” of the Al monovacancy migration enthalpy w 0.62 31
Al self-interstitial atom migration enthalpy h{ 0.115 39
Tracer self-diffusion activation enthalpy for Al in Al hy, 1.26 37
Tracer activation enthalpy for Ge atom diffusion in Al hGe 1.26 37
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migration of Ge atoms in an Al matrix [10, 11]. In this
mechanism the migration of a Ge atom occurs if it
receives a transferred energy greater than A3, from
the 1 MeV electron beam, and if vacancies exist in
the first nearest-neighbor shell of atoms surrounding
a Ge atom. The electron-beam stimulated migration
mechanism is discussed in detail in the Appendix, where
it is shown that the root mean squared diffusion distance
arising from this mechanism is 1.57 nm for r=8333 s
independent of temperature. Between 10 and 160 K
the main effect of the electron-beam stimulated mi-
gration of Ge atoms is to determine the value of &,
required for the c-to-a transition. This is because the
electron-beam stimulated migration of Ge atoms de-
creases the rate at which the critical concentration of
Ge necessary for a c-to-a transition is reached. It
therefore increases the value of &, necessary for a
c-to-a transition over the value required without elec-
tron-beam stimulated migration of Ge atoms. In the
range where radiation-enhanced diffusion becomes sig-
nificant the total root mean squared diffusion distance
of Ge atoms resulting from these two mechanisms is
large enough to suppress completely the c-to-a tran-
sition. The total value of the root mean squared diffusion
distance at 190 K for the two mechanisms is about 2
nm, and this is 2.2 times the mean range of a recoil-
implanted Ge atom (0.9 nm) and ten times the straggling
distance (0.2 nm). Thus we conclude that both the
radiation-enhanced diffusion and electron-beam stim-
ulated migration of Ge atoms in Al play important
roles in the suppression of the c-to-a transition at
190 K.

5. Summary

Experiments were performed in the temperature
range 10-190 K employing the 1 MeV high voltage
electron microscope at the Argonne National Labo-
ratory. The purpose of these experiments is to elucidate
the mechanism of the crystalline to amorphous (c-to-
a) transition below 190 K, and also the suppression of
the c-to-a transition above 190 K, in two-phase Al(Ge)
alloys, and Ge-Al or Si-Al bilayer specimens.

(i) Two-phase Al-2.3at.%Ge alloy specimens were
irradiated at 7=10 or 50 K with 1 MeV electrons and
¢$=3%10* cm~2 s~1, Qualitatively the mean number
density and the mean diameter of the pure Ge pre-
cipitates decreases with increasing fluence (@), while
the intensity of the (220), reflection diminishes slowly
with increasing @; see the two Ge precipitates indicated
by arrows in Figs. 3(b) and 3(c). At #=2.4X10*> cm~?
(24 dpa in Ge and 14 dpa in Al) the Ge precipitates
disappear almost completely from the electron-irra-
diated zone. Also, at this value of @& the (220)s.
reflections are weak but still present. For a total fluence

(Prorar) Of 4.4X10% cm~2 (44 dpa in Ge and 27 dpa
in Al) the (220)¢,. reflections do not completely dis-
appear from the selected area diffraction patterns
(SADPs). These results are qualitatively similar to those
reported previously on the same alloy [8]. Since diffuse
scattering rings are not observed in the SADPs, we
cannot determine from this type of experiment whether
the disappearance of Ge precipitates from the dark-
field images is the result of the amorphization of Ge
precipitates or simply their dissolution induced by elec-
tron irradiation.

(ii) The resolution of the dilemma described in (i)
was obtained from experiments on Ge-Al bilayer spec-
imens which demonstrated that a c-to-a transition occurs
at the Ge-Al interface when a bilayer specimen is
irradiated at 7=10 or 50 K with 1 MeV electrons.
The geometry of the specimens employed to observe
this transition is displayed in Fig. 2(a). When a Ge
layer faces the incident electron beam, diffuse rings in
a SADP first appeared at a critical fluence of
P, =2.5%10" cm~? (25 dpa in Ge and 15 dpa in Al).
When an Al layer faces the incident electron beam
(Fig. 5(b)) no diffuse rings were observed for
Do =5.3%102 cm~2 (53 dpa in Ge and 32 dpa in
Al). We did, however, observe that both the Ge and
Al reflections became diffuse because of irradiation-
induced secondary defects, i.e. a high density of dis-
locations caused by the precipitation of mobile SIAs;
the most likely SIA is the Ge SIA (see Section 4.3).
The asymmetry in the c-to-a transition (Ge layer facing
the incident electron beam wvs. the Al layer facing the
electron beam) is denoted a selective amorphization
effect.

(iii) A Si-Al bilayer specimen, irradiated at 10 K,
exhibited a different behavior from a Ge-Al bilayer
specimen. Irradiation-induced amorphization occurs in
a Si—Al bilayer specimen independent of the direction
of the incident beam with respect to a bilayer. The
critical fluence for amorphization to occur in this system
is &.=3x10% cm~? (19 dpa in Si and 18 dpa in Al).

(iv) The results for the Ge-Al and Si-Al bilayer
specimens are explained by an electron irradiation-
induced recoil-implantation process, where the amor-
phization occurs because of a change of chemistry of
the pure element caused by a recoil-implantation pro-
cess. The asymmetry between the Ge-Al and Si-Al
results can be understood by considering the total
displacement cross-section for transferring sufficient
kinetic energy to an atom to displace it permanently
from a top layer into a bottom layer, e.g. from Ge to
Al and vice versa or from Si to Al and vice versa. This
cross-section is approximately directly proportional to
the atom number (Z). If we take the ratio of the cross-
sections to be proportional to the ratio of the atomic
fluxes (/) from one layer into a second layer it follows
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that Ji. 15 approximately equal to 2.4/,,c. and
Jsyal is approximately equal to 1.1J,,5 (see Section
4.1). Therefore, for Ge-Al bilayer specimens the flux
of recoiling atoms is different by a factor of about 2.4,
dependent on the direction of the incident electron
beam with respect to a specimen, while Jg;a O Jaysi
is approximately independent of orientation for a Si-Al
bilayer specimen. The chemistry of the Ge-Al and Si-Al
systems must be such that is more difficult to amorphize
Ge by adding Al to it than it is to amorphize Si by
adding Al to it via recoil-implantation processes.

(v) The above results explain the dilemma presented
by the results of ref. 8 and our results described in
(i). In this experiment the Ge precipitates are dissolving
slowly because of electron irradiation. The dissolution
process results in the amorphization of the surrounding
Al matrix, but this amorphization effect is difficult to
observe in SADPs because of the small volume fraction
of a specimen affected. Alternatively the amorphization
process can be detected in the SADPs employing a
bilayer geometry because of the larger volume fraction
of a specimen affected.

(vi) The temperature dependence of @, for a Ge-Al
specimen was studied for the situation where the Ge
side faces the incident electron beam. It was found
that ¢, remains constant in the temperature range
10-160 K, then &, increases rapidly with increasing T
in the range 160-190 K, and finally becomes immeas-
urably large (greater than 70 dpa in Ge and greater
than 43 dpa in Al) at T=7.=190 K; T is the critical
temperature above which no amorphization can be
observed: see Fig. 7.

(vii) In terms of the mobility of the recoil-implanted
Ge atoms in the Al matrix, our results are qualitatively
accounted for by a phenomenological rate-theory model
(see Section 4.2) in which the migration of Ge atoms
during an irradiation occurs with an effective activation
enthalpy £%8.=0.64 eV; this value of Ag, is close to
the migration enthalpy of -a monovacancy in pure Al
(0.62 [31] or 0.65 eV [30]): see Table 2. Since hg, is
nearly equal to the migration enthalpy of a monovacancy
in Al, this may be understood in terms of the radiation-
enhanced diffusion of Ge atoms occurring in the pres-
ence of a very high monovacancy concentration produced
by the 1 MeV electron irradiation. In addition, the
contribution to the diffusion of Ge atoms in Al from
electron-beam stimulated migration of Ge atoms is
considered: see Section 4.4 and the Appendix. It is
demonstrated quantitatively that the root mean squared
diffusion distance of Ge atoms in Al at 190 K resulting
from a thermally activated radiation-enhanced mono-
vacancy diffusion mechanism plus the athermal electron-
beam stimulated migration of Ge atoms in Al is about
2 nm; this distance is approximately 2.2 times the mean
range of 0.9 nm of recoil-implanted Ge atoms in Al,

and 10 times the straggling distance of 0.2 nm of Ge
in Al
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Appendix: calculation of the mean number of jumps
of Ge atoms due to electron-beam stimulated
migration

The exchange of a Ge atom and a monovacancy can
occur if a Ge atom receives an enthalpy greater than
the activation enthalpy ~2g,.. This enthalpy can be ob-
tained either via a thermally activated process or from
energy it receives in a collision with a high-energy
electron. The diffusion that occurs because of an atom
receiving energy from the incident electron beam is
denoted an electron-stimulated migration process [10,
11]. According to the model described in ref. 10, the
jump frequency of a Ge atom that migrates in an Al
matrix because of a 1 MeV electron irradiation is:

j=n¢o, (A1)
where ¢ is the flux of electrons passing through the
specimen, n the concentration of monovacancies in the
first nearest-neighbor shell of atoms surrounding a Ge
atom, and o, the cross-section of a Ge atom receiving
a kinetic recoil energy greater than AZ.. The cross-
section o, is an integral of a differential cross-section:

7‘l’l’l
o.= | do
hEE

(A2)

where T, is the maximum recoil energy; for a 1 MeV
electron irradiation T,=60 eV. Using the Mc-
Kinley-Feshbach differential cross-section [24] we ob-
tain:

Ze2\[ 1 T o1 T
"f"(m—cz) (W)[(E ‘1)“’ " i,

172
+’1TCYB[2[(T$) —1]—1n T:]] (A3)
Ge Ge
where
E » 1 V4
'y—1+mc2, B~1—y2 and a= 137

E is the kinetic energy of the incident electrons; e and
m the charge and rest mass of an electron; ¢ the speed
of light and Z the atomic number of the recoiling atom.
For hg.=0.64 eV and Z=32 we obtain the value
0,,=3.6X10"% cm?.

The value of n depends on the monovacancy con-
centration under irradiation (c},) and the coordination
number of a Ge atom (2). If we take ¢}, =2.78 X 1073,
the saturation concentration of electron irradition-in-
duced vacancies in pure Al [43] and z=12, then
n=zc,,=0.033; for ¢=3x10"° cm™2 s~! we obtain
j=3.6x10"2 s~'. The root mean squared electron-
beam stimulated diffusion distance of a Ge atom in
Al is then:

2 Qo
= i
where 4,=0.405 nm is the lattice constant of Al and
t the irradiation time; for t=8333 s, the time to ac-
cumulate @, between 10 and 160 K, the value of
vx*>=1.57 nm. This value is 1.7 times the mean range
of recoil-implanted Ge atoms (roughly 0.9 nm) and 7.9
times the straggling distance (0.2 nm) in Al. Note that
the root mean squared electron-beam stimulated dif-
fusion distance, given by eqn. (A4), is independent of
temperature, i.e. it causes an athermal component to
the diffusion process that must be added to the thermally
activated component of diffusion to yield the net root
mean squared diffusion distance of a Ge atom in Al

(A4)



