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Abstract

Di�erent doses of high-energy Si (0.2±4.5 MeV) were implanted in polycrystalline Au foils (35 lm thick) to form a

low melting point Au±Si alloy which can be used for gold soldering. A Au±Si eutectic structure has been observed in the

implanted Au foils after annealing at 400°C for 1 h. The Au±Si liquid phase was di�used in the polycrystalline Au foil

along the grain boundaries which were ¯attened by the initial rolling procedure. The presence of this eutectic alloy was

also observed on the back of the Au foil. Nuclear (d,p) reactions induced by deuterons have been used to measure the

concentration of the implanted Si in various depths in the Au foils. RBS was also used as a complementary technique to

probe the Au concentration. SEM pictures indicate that an eutectic structure was induced in the implanted sam-

ples. Ó 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gold±silicon structures are considered to be
important systems and are extensively studied
owing to their technological properties. It has been
shown that Si atoms are dislodged from Si/Au
interface at a low temperature and migrate
through Au. This e�ect has been widely studied for
Au ®lms deposited on Si crystals. The di�usion

process takes place at low temperature involving
the formation of Au silicide. At a temperature
above the Au±Si eutectic temperature (363°C), the
interaction between the Au ®lm and the Si sub-
strate leads to the formation of an alloy rather
than Au silicide. It has been established that sili-
con alloyed with gold may form an eutectic alloy
which can be used as a low melting point solder for
silicon devices [1,2]. High di�usion rates of silicon
in gold ®lm coatings on silicon crystals have been
widely studied by various groups [3,4].

In the last few years, we have experimented
with a process of gold soldering involving two
steps: (i) the formation of a microscopic Au±Si
eutectic alloy during silicon di�usion through the
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grain boundaries of polycrystalline Au foils from a
thin ®lm of Si deposited on polycrystalline Au foil
and (ii) the redistribution of a part of this eutectic
alloy for joining with a second piece of Au. Both
steps were performed at a temperature slightly
higher than the eutectic temperature [5,6]. The aim
of the present study is to present an alternative
procedure for the formation of the Au±Si eutectic
alloy by di�usion of Si-implanted polycrystalline
Au foils followed by a thermal di�usion. Nuclear
reactions induced by a deuteron beam have been
used to characterize the Au±Si alloy formed by
di�usion of Si into Au foils. Metallographic im-
ages were obtained by scanning electron micros-
copy (SEM).

2. Experimental procedure

2.1. Implantation

Pure (99.99%) polycrystalline Au foils were
rolled at room temperature down to thickness of
40 lm. The foils were implanted with Si2� ions
using a 2 MV Tandetron Accelerator of LARN.
The implanted area was around 0.04 cm2. The Au
foils were kept tight in a frame made of brass and
mounted on a target ladder which is connected to
the current integrator. Di�erent doses (1 ´ 1017,
3 ´ 1017, 4 ´ 1017, 6 ´ 1017 at./cm2) were implanted
in di�erent Au foils (35 lm thick) to optimize the
doses required to achieve the eutectic alloy com-
position (19 at.% of Si in Au). In order to study the
Si depth pro®le in Au, samples were also prepared
with three di�erent energies of Si ions (220 keV, 2
MeV, 4.5 MeV). Using the TRIM code [7], the
expected Si implantation ranges in Au for the
above energies were calculated and found to be 88,
730 and 1300 nm; the doses were calculated to
achieve the eutectic composition.

2.2. Characterization

Proton spectroscopy induced by the exoener-
getic 28Si(d,p)29Si nuclear reaction has been used to
analyze the silicon depth pro®le in the Au foils.
The incident deuterons may approach the silicon
nuclei at a su�ciently close distance to induce a

nuclear reaction and to give rise to an emission of
energetic protons. Measuring the energy of those
protons leads to a quantitative method of analysis
of Si at various depths under the surface of the
irradiated material. The advantages for using this
technique have been explained in earlier publica-
tions [8,9]. A beam of 2.98 MeV deuterons was
focused (1 mm2) on the Si-implanted Au foils. An
SSB detector (12 keV FWHM, active area 25 mm2)
was placed at a backscattering angle of 165° at a
distance of 60 mm from the beam spot. The de-
tection angle (165°) has been chosen to use the
published cross-section values [10,11]. An absorber
foil of Mylar (78 lm) was placed in front of the
detector to stop the backscattered deuterons. An-
other SSB detector (12 keV FWHM) was placed at
a backscattered angle of 135° to collect the back-
scattered deuterons. Measurements were carried
out in the implanted samples. Subsequently the
samples were annealed at 400°C for 15 min and
1 h, respectively, and the measurements were re-
peated under the same experimental conditions.
The temperature of annealing was slightly higher
than the eutectic temperature (363°C) so that any
Au±Si mixture at 400°C would contain a liquid
phase.

3. Results and discussion

3.1. NRA measurement

The cross-sections of 28Si(d,p0)29Si and
28Si(d,p1)29Si reactions at 165° given in Fig. 1 are
reproduced from [11]. It can be seen that the cross-
sections for the p0 group in the energy region of 2.8
to 3 MeV varies from 1.4 to 3.0 mbarn/sr and for
the p1 group from 0.6 to 1.2 mbarn/sr.

Fig. 2 shows typical spectra of p0 and p1 groups
induced by 2.98 MeV deuterons on the samples
implanted at various energies (220 keV, 2 and
4.5 MeV). The proton energies re¯ect the depth at
which Si has been implanted. In the case of a
4.5 MeV Si-implanted sample, p0 and p1 peaks are
broader and the detected proton energies after
crossing the absorbers are 7.52 and 6.22 MeV
which correspond to an incident deuteron energy
of 2.81 MeV at 1.3 lm in the depth. The p0 and p1

326 V.J. Kennedy, G. Demortier / Nucl. Instr. and Meth. in Phys. Res. B 171 (2000) 325±331



peaks for the 2 MeV implanted sample are ob-
served at 7.61 and 6.31 MeV corresponding to a
deuteron energy of 2.92 MeV. Since for 220 keV
Si, implantation in Au is almost at the surface, one
sees the p0 and p1 narrow peaks at 7.67 and 6.37
MeV corresponding to the nominal incident deu-
teron energy (2.98 MeV). The implanted doses in
the above three samples are close to 18±19 at.% of
Si in each di�erent depth. Due to the cross-section
variations, di�erent yields are observed in the
above spectra.

The p0 and p1 groups induced by 2.98 MeV
deuterons on the 4.5 MeV Si ion implanted
(3 ´ 1017 at./cm2) Au foil before and after anneal-

ing are shown in Fig. 3. The range of the Si ions is
around 1.3 lm and the width is around 300 nm.
After annealing at 400°C for 15 min, Si partially
di�uses towards the surface and the respective
peaks appear at 7.67 and 6.37 MeV which corre-
spond to the proton groups induced by 2.98 MeV
incident deuterons. The width of the p0 and p1

peaks are narrower after annealing for 15 min.
After 1 h of annealing the Si appears completely at
the Au surface and the peaks are still narrower.
The measured intensity of the peaks in the sample
before heating is less than that for the annealed
sample due to a lower value of the cross-section.
The cross-sections for the p0 and p1 group pro-
duced by 2.81 MeV are indeed 1.6 and 1.2 mbarn/
sr, respectively (in the as-implanted sample), but at
2.98 MeV (for the annealed sample), the corre-
sponding values are 2.6 and 0.57 mbarn/sr.

The concentration of Si atoms has been calcu-
lated based on the following relation [12]:

NSi � coshIH

X dr=dX� �NI

;

where h is the angle between the incident beam and
the normal of the sample, IH the integral or the
area under the peak due to nuclear reaction, X
the solid angle of the NRA detector, dr=dX� � the
cross-section of the 28Si(d,p)29Si nuclear reaction

Fig. 2. Typical spectra of p0 and p1 groups induced by 2.98 MeV deuterons on Si-implanted polycrystalline Au foils at various Si

energies.

Fig. 1. Cross-sections of 28Si(d,p0) 29Si and 28Si(d,p1) 29Si nu-

clear reactions at 165° reproduced from [11].
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and NI is the number of incident deuterons. Using
the above relation, the number of Si atoms and in
the implanted sample is 2.9 � 0.2 ´ 1017 at./cm2 and
remains the same after 1 h annealing. The calcu-
lated dose in the above sample, based on the im-
plantation conditions, is 3 ´ 1017 at./cm2. This dose
corresponds to 17±19 at.% of Si in Au. The mea-

sured Si concentration for the other doses of 4.5
MeV Si-implanted samples (1 ´ 1017, 4 ´ 1017,
6 ´ 1017 at./cm2) are also close to the calculated one.

The formation of an eutectic structure (rami®-
cations) is observed by means of optical and
electron microscopies. Fig. 4 shows an SEM mi-
crograph of an annealed Si-implanted (4.5 MeV,

Fig. 4. SEM micrograph of the Si-implanted (4.5 MeV, 3� 1017 at./cm2) Au foil showing the characteristic rami®cations of the eutectic

alloy formed along the grain boundaries.

Fig. 3. Typical proton spectra (p0 and p1 groups) induced by 2.98 MeV deuterons on the 4.5 MeV Si-implanted (3� 1017 at./cm2) Au

foil before and after annealing at 400°C.
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3 ´ 1017 at./cm2) Au foil. The Au±Si liquid phase
was di�used in the polycrystalline Au foil along
the grain boundaries which where ¯attened by the
initial rolling procedure. The eutectic structure is
also observed in the rear part of the foil. One can
indeed understand that several of the ¯attened
grains may occupy the whole thickness of the foil
and that the di�usion of the liquid phase took

place through the whole thickness of the foil. The
speed of di�usion is so high (a few minutes are
su�cient for 35 lm thick foils) that any process of
solid-state di�usion may be discarded; only mi-
gration of a liquid phase is possible. The present
SEM picture is almost the same as the one ob-
served in the Si ®lm deposited on the Au foil, as
reported earlier [5,8,9].

Fig. 5. Typical proton spectra (p0 and p1 groups) induced by 2.98 MeV deuterons on the 2 MeV Si-implanted (2:9� 1017 at./cm2) Au

foil before and after annealing at 400°C.

Fig. 6. Typical RBS spectra obtained in the Si-implanted (4.5 MeV, 3� 1017 at./cm2) Au foils using a 2.98 MeV deuteron beam and the

RUMP simulations.
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The p0 and p1 groups induced by 2.98 MeV
deuteron on the Si-implanted (2 MeV, 2.9 ´ 1017

at./cm2) sample is depicted in Fig. 5. The im-
planted range of Si is around 0.7 lm. Once more Si
di�uses towards the surface in the Au foil after a
few minutes of annealing at 400°C. The behavior
of the di�usion is almost the same as the one ob-
served in the 4.5 MeV Si-implanted sample. Using
the relation mentioned above, the number of Si
atoms after 1 h of annealing is found to be
2.8 ´ 1017 at./cm2.

3.2. RBS measurement

The RBS spectrum obtained on the Si-im-
planted (4.5 MeV, 3 ´ 1017 at./cm2) Au foil using a
2.98 MeV deutron beam is given in Fig. 6. The
simulation of the RBS spectrum was obtained with
the RUMP code [13]. The disappearance of Au
signal in the implanted zone is clearly visible. A
plot of Au concentrations versus depth is given in
Fig. 7. It can be seen that the implanted region is
centered around 8 ´ 1018 at./cm2, which corre-
sponds to1300 nm, a depth which is in agreement
with the TRIM calculation. The di�erence in
concentration of Au from that in the bulk corre-
sponds to about 13±15% which is comparable with

the expected eutectic composition. A concentra-
tion of around 3±5% of Si at the surface is also
observed.

The RBS spectrum obtained on the annealed
sample (4.5 MeV, 3 ´ 1017 Si at./cm2 ) and its
comparison with the spectrum on pure Au foil
are shown in Fig. 8. The corresponding RUMP
simulations are also shown. The high energy
edges clearly indicate that Si is at the surface but

Fig. 7. Detailed plot around the implanted region of Fig. 6 to

show the variation of Au concentrations versus depth.

Fig. 8. Typical RBS spectra obtained for the one hour annealed sample of Si (4.5 MeV, 3� 1017 at./cm2) implanted Au foil and a pure

Au foil. RUMP simulations for the respective spectra are also shown.
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the distribution of Si is more clear using (d,p)
spectra.

4. Summary and conclusions

The required dose for the formation of a Au±Si
eutectic alloy by Si implantation in polycrystalline
Au foils has been achieved. Using NRA induced
by deuterons, the samples were characterized
showing that the eutectic composition was reached
in the (4.5 MeV, 3 ´ 1017 at./cm2) Si-implanted Au
foil. SEM micrographs give evidence for this eu-
tectic formation. RBS has been used as a com-
plementary technique but is less sensitive to the
depth distribution than the NRA method. These
implanted samples would be useful for a new
procedure of soldering of gold at low temperature
(400°C).
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