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350-keV 209Bi + was implanted into an A1 (lOoo A)/V bilayer system. The Bi depth 
distribution measured by Rutherford backscattering agrees well with predictions obtained via 
the Monte-Carlo simulation method (TRIM code). Diffusion coefficients for Bi in both the V 
substrate of the AI/V system and the pure V foil are extracted after thermal annealings in a 
temperature range between 200 and 700 0c. The results show that the Ri ions follow a hindered 
diffusion at the Al film of the AI/V bilayer and for temperatures higher than 580°C diffuse 
regularly in the V bulk 

I. INTRODUCTION 

The present study is related to the distribution of im~ 
planted Bi ions at the interface region of the bilayer system 
composed by a film of Al deposited on V substrate (AI/V). 
This work is the continuation of a systematic investigation 
initiated with the Al/Ti (Ref. 1) and AlIKC! (Ref. 2) sys
tems, which was undertaken with three major aims. First, to 
enlarge the few experimental available data, which up to 
now mainly deal with insulator/semiconductor and semi
conductor/semiconductor systems and second, to compare 
the experimental results with the latest theoretical predic
tion. Recently, a new version of the Monte-Carlo simulation 
method (TRIM code3

) has been applied in order to predict 
among other properties the entire range distribution of im
planted ions into bilayer structures. 1,2.4 Finally, we are also 
concerned with the thermal behavior of the implanted ions 
into bilayer structures, to understand the mechanism by 
which the implanted ions diffuse in these kinds of systems. 

In previous works 1,2 studying the AI/Ti and AI/Kel 
bilayer systems implanted with Bi ions, we have found two 
major features. First, there is a very good agreement between 
the experimental results and the latest theoretical TRIM pre
dictions. Second, when the systems are annealed up to 
500 °C most of the implanted ions are trapped at the inter
face region. Hence, it is of interest to see if this retarded 
diffusional behavior is a peculiarity ofthe above two systems 
or if it is a general property of bilayer structures. With these 
purposes, we have undertaken the present work, where we 
have implanted 209m + ions, both into a double-layer system, 
composed by an At film deposited onto a V foil and into a 
pure V foil, Both samples have been isochronally annealed in 
order to compare the corresponding thermal diffusion be
havior. All depth profiles have been analyzed using the 
Rutherford backscattering technique (RRS). 

II. EXPERIMENT At PROCEDURE 

The AI/V sample was prepared at the HMI, Berlin, eva
porating a film of pure Al of 1000 A thickness onto a chemi
caUyc1eaned V foil (Marz grade) at a pressure oflO- 6-1O- 7 

a) On leave from Vniversidade Federal de Sao Carlos, SP, Brasil. 

Torr, The AllY and V samples were implanted at room tem
perature with 350· and 250-ke V Bi + ions, respectively, at the 
400-ke V HVEE Ion Implanter of the Institute of Physics, 
Porto Alegre. The beam current density was lower than 1 
IJ.A/cm2 in order to avoid excessive heating of the sample, 
and the implanted fiuence was 3x 1015 at/cm2

• The Bi im~ 
plantation energy was chosen such that the maximum of the 
Hi profile coincides with the interface of the AI/V system 
being the peak concentration around 1.2 at %, 

The depth distributions were measured by the RBS 
technique using a 760~keV 4He+ + beam. Particles scattered 
at 1600 with respect to the beam direction were energy ana
lyzed by a standard Si surface barrier detector. The energy 
resolution of the electronic detection system was 12 keY, 
which corresponds to 92 A depth resolution in V. In some 
experiments two RBS energy spectra have been taken; one 
with normal a incidence (0° geometry) and the second at an 
angle of 40° between the directions of the a beam and the 
normal to the sample surface (40· geometry in Fig. 1). 

The thermal annealings of the AI/V sample were per
formed at 200, 300, 400, 500, and 550·C for 3 h at each 
temperature, at 580 and 610·C for 2 h, and at 640·C for 1 h· 
the upper temperature was chosen by taking into account th: 
phase diagram of the AI-V system, since allovs are formed at 
higher temperatures. The pure V was anne;led at 200, 400, 
500, 600, and 700'C 1 h each, covering the same tempera
ture range as for the composed system. AU the annealings 
were made in a vacuum better than 10--6 Torr, Preliminary 
results in a similar system Al ( 500 A) /V have been previous
ly reported. 1 

m. EXPERIMENTAL RESULTS 

A. AIIV system 

The range profile of Hi in the as-implanted sample, dis
played in Fig 1, barely shows a discontinuity at the interface. 
The discontinuity is more clearly seen after the measurement 
performed atthe 40° geometry (see insert of Fig. 1) when the 
depth resolution is improved. 

Annealings up to 500°C did not bring any significant 
change to the implanted profile; in particular the discontin-
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FIG. 1. Profile of 350-keV 209Bi" implanted in the Al( 1000 Al/V bilayer 
structure. Full points: experimental RBS data; histogram: TRIM theoretical 
prediction; full line: convolution of the TRIM calculation with the detector 
resolution. The insert shows the profile at the interface region with an im
proved depth resolution (geometry of 40°), and where the smooth curve is 
the convoluted TRIM calculation. 

uity of the Bi profile at the interface did not change (see Fig. 
2). At 580 ·C thermal diffusion of the impianted ions starts 
and is characterized by a slight decrease of the Bi concentra
tion under the peak. Further annealings at 610 and 640·C 
show a more pronounced diffusion process manifested by a 
diminution of the Bi concentration and broadening of the 
whole range pronk It is important to remark that after the 
annealing performed at 640 ·C, the shape of the diffused pro
file still resembles the implanted one, being only broader and 
smaller as a consequence of the thermal diffusion that has 
occurred (see Fig. 3). 
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FIG. 2. Profile of 350-keV 209Bi+ implanted in the Al(1000 A)IV system 
after annealing at 550 'C. 
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FIG. 3. Profile distributions of 209Si implanted in the bilayer AI( 1000 AV 
V after annealings at 610 and 640 cc, The smooth line represents the simu
lated distribution using the depth parameter gf(x) with/( x) as shown in the 
insert. 

B. Pure V 

The measured values of the implanted Bi range distribu
tion in pure V are Rp = 330 A and !lRp = 125 k Anneal
ings performed up to 500 "C have not changed the implanted 
profile at all. A slight decrease in the Bi concentration is 
visible at 600 ·C, but noticeable regular diffusion only devel
ops after the annealing at 700°C as is shown in Fig. 4, where 
the depth distributions after 600 and 700°C annealings are 
displayed. 

iV. DISCUSSION 

A. As-Implanted samples 

One of the purposes of the present work is to compare 
the experimental Bi profile implanted in the AI/V system 
with very recent calculations, which make use of a new uni
versal potential and an improved electronic stopping pow
er.5

,6 These calculations have been performed using the lat
est version of the TRIM Monte-Carlo simulation code. 

Figure 1 shows the experimental depth profile together 
with both the TRIM range distribution calculation and the 
convolution of the calculated distribution with the experi
mental depth resolution. Comparison between theory and 
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FIG. 4, Profile distributions of 2uoBi implanted in pure V after annealings at 
600 and 700 'C. The smooth line represents the simulated distribution using 
the depth parameter gf(x) with/ex) as shown in the insert. 
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experiment shows a good agreement and the profile's struc
ture at the AllY interface is very well reproduced by the 
TRIM calculations. 

The measured projected range R p = 330 A and project~ 
ed range straggling tJ.Rp = 125 A for 250 Bi implanted in 
pure V are also in good agreement with the TRIM calculated 
values, Rp = 310 A and IlRp = 130 A. 

B. Thermal behavior of the Implanted systems 

It is not straightforward to carry out data evaluation of 
thermal annealing experiments performed after implanta
tion into multilayer systems. This is basically due to two 
main reasons. First, the original profile is not a Gaussian 
distribution. Second, it is well known that the damage pro
duced by the implantation does not always anneal out during 
or immediately after the implantation. Consequently, the 
implanted ions do not follow a regular diffusion, but a diffu
sion which is influenced by the defects produced by the irra
diation and not annealed out. Therefore, it is very difficult to 
describe the experimental results by analytical methods, un
less only the very general features of the experiment are go
ing to be extracted. 

In our work, the thermal diffusion after ion implanta
tion into the bilayer system, is analyzed by using a numerical 
simulation method called "finite difference method." The 
mathematical background of this technique is found in Ref. 
7 and some earlier applications are described in Refs. 8-10. 
With this method any input profile can be diffused indepen
dent of its shape, by introducing an appropriate depth-de
pendent diffusion parameter g(x) =gj(x), where g is the 
diffusion parameter andj(x) is the depth functional depen
dence, This method is adequate for use in bilayer systems 
andlor in systems which due to irradiation effects follow 
enhanced or retarded diffusion, as it is described in Ref. 2. 
Using a computer program based on this technique, we were 
able to estimate the Hi diffusion coefficients in the V bulk of 
the AllY bilayer system as well as in pure V. On the other 
hand Bi is essentially insoluble in Al (at least in the present 
temperature range), hence, no regular diffusion is expected 
to occur. The experimental results have confirmed this as
sumption and consequently no attempt has been made to 
determine the Bi diffusion coefficients in Al films. 

To analyze the diffusion in the AllY bilayer system we 
have introduced three different diffusion parameters. One 
for the Al film, a second for the V bulk, and a third one 
characterizing the interface region. This procedure is stan
dard for the diffusion at any annealing temperature. 

Figure 3 shows a typical example of the above proce
dure. The fun points represent the initial depth profile, 
which in the present case is the one obtained after 61O'C 
annealing. The open points show the final ion distribution 
after annealing at 640 ·C. The insert of Fig. 3 displays the 
depth-dependent diffusion parameter used by the program 
in order to reproduce the final ion distribution. From the 
surface up to 780 A, j(x) is equal to 0.2; then, there is a 
variable diffusion parameter from 780 A up to 1030 A, char
acterizing the interface region; and finally a third constant 
diffusion parameter j(x) = 0.03 corresponding to the V 
bulk. 
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Starting from the initial range profile and applying the 
j(x) parameter, the program, after several iterations, pro
vides the depth profile shown in the figure as a full Hne. The 
agreement between the experimental result and the simulat
ed one is quite satisfactory for the V and interface regions, 
and as expected, rather poor for the Al film. The extracted 
diffusion parameter for Bi in the V bulk is 
DBi~V = 7.5X 10- 17 cm2/s. 

Similar depth-dependent diffusion parameters have 
been used in order to reproduce the spectra at other anneal
ing temperatures. The obtained diffusion coefficients ofBi in 
the V bulk are shown in Table 1. Despite the fact that there 
are only three experimental points, we can estimate the diffu
sion coefficient from the Arrhenius plot as shown in Fig. 5. 
The result is: D = 5x 10-5 exp( - 2.2 eV IkT) cm2/s. 

As was mentioned in Sec. HI B, up to 500 DC there is no 
observable Bi diffusion in the pure V foil. A slight diffusion 
starts at 600 °C characterized by a diffusion coefficient 
D< 1 0~-17 cm2 Is. A noticeable diffusion only begins after an
nealing at 700 dc. The open circles of Fig. 4 show the Bi 
distribution after annealing at 700 °C and the full line simu
lates a regular diffusion (see insert). The agreement is quite 
good and the extracted diffusion coefficient D = 1.35 
X 10- 16 cm2 Is is quoted in Table 1. 

The analysis of the Bi diffusion in both systems (AllY 
and pure V) was performed assuming nonreflective surfaces. 
That is, the Bi ions leave the system whenever they reach the 
surface. The agreement between the experimental and calcu
lated results, in particular for the pure V foil confirms the 
assumption, and this is the reason why the area of the initial 
and final depth profile in Fig. 4 is not conserved. Finally, it 
should be pointed out that there is no available data concern
ing Bi solubility in V. However, the fact that regular diffu
sion has been observed is a hint that the Hi implanted con
centration is, for the studied temperatures, below the 
solubility limit. 

V. CONCLUSIONS 

One of the main purposes of the present work is to com
pare the experimental range profile of the Hi ions, implanted 
in the AllY bilayer structure, with the predictions of the 
TRIM program. The calculations reproduce the Bi concen
tration in the whole range profile and, in particular, at the 
interface region. This kind of agreement, also observed for 

TABLE I. Diffusion data extracted from present experiment and from Ref. 
15. D"ieV and D Al~V are, respectively, the diffusion coefficients ofBi in V and 
AlinV. 

T 
·C 

580 
600 
610 
640 
700 

Al/V bilayer 

D"i_V 
cm2/s 

1.15 X 10- 17 

2.9X 1O- l7 

7.5X 10- 17 

• Reference 13 e 

1 X 10-- 17 

1.35 X 10- 16 

Pure V 

DA '_V
a 

cm'ls 

2 ± L4XlO-· P 

3 ± O.9X 10- 16 
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FIG. 5. Arrhenius diagram for the 209Bi diffusion in the V substrate of the 
AlIV bilayer sy~tem. 

AlITi (Ref. 1) and AlIKel (Ref. 2) systems gives further 
support to the theoretical assumptions inserted in the TRIM 

program adapted for multilayer systems. 
Concerning the thermal behavior of the implanted Bi 

ions, several features can be pointed out. Here, as in the All 
KC! system, we also have to include a depth-dependent dif
fusion constant for a relatively broad region around the in
terface in order to account for possible structural near-inter
face imperfections. 

The fact that the basic structure of the Hi profile (in
cluding the discontinuity at the interface) is conserved for 
temperatures up to 550°C is a strong evidence that in the Al 
film as wen as at the interface regi.on, we are in the presence 
of a retarded diffusion. This assumption is supported by re
sults of a previous experiment where Hi implanted into pure 
Al foil shows a rapid diffusion and hence completely flat 
distribution after annealing at 400 ·C (see Fig. 4 of Ref. 1). 
This means that the evaporated Al layer, in contrast to bulk 
AI, proves to be a trap-enriched zone for the implanted Hi 
ions. This behavior was already observed in the AlITi (Ref. 
1) and AlIKC! (Ref. 2) systems. 

The Hi ions only start a regular diffusion in the V sub
strate of the compound system at 580 QC. Despite the few 
experimental points we can estimate the diffusion coeffi
cientsasD = 5 X 10--5 exp( - 2.2 eV /kT) cm2/s. There are 
no previous available data of Bi diffusion into V in order to 
compare with the present results. On the other hand several 
works have been performed concerning vanadium self-diffu
sion,11 Fe,12 CO,13 and Ta (Ref. 14) diffusion in vanadium. 
All these studies have been done in a temperature range 
much higher than the present (typically 1000-1800 ·C) . The 
obtained Do coefficients vary from 9.45 X 10-3 to 4.24 cm2

/ 

s, and the activation energy is typically of the order of3 eV, a 
value characteristic of a normal diffusion behavior through a 
single-vacancy mechanism. More recently Lappalainen 15 

has studied the A1 diffusion in V in a lower temperature 
range (600-1000·C). The least-squares fit to their experi
mental data gives 

D = (3 ~ ~05) X 10--4 exp( - 2.4 eV /kT) cm2/s. 
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Our results agree wen with the data of Lappalainen 15 

and are also in reasonable agreement with other measure
ments performed in V: V self-diffusion and diffusion of Fe, 
Co, and Ta in V bulk. In addition, as displayed in Table I, our 
measured diffusion constants for Bi in pure V are consistent 
with the results of Ref. 15 for Al in V. All these facts indicate 
that the diffusion mechanism of Bi in pure V, in the V sub
strate of the AI/V system and of Al in pure V, is basically the 
same. 

The interpretation of our diffusion results are limited by 
the low-temperature range and also by the few experimental 
points. Taking into account these limitations, the present 
results are consistent with a vacancy diffusion mechanism. 
Alternatively, we cannot completely exclude the occurrence 
of diffusion through short-circuit paths mechanism, which 
could be responsible for the somewhat low activation energy 
valueE" = 2.2 eV obtained in this work, as compared with 3 
eV (see Ref. 13). 

In conclusion, the diffusion results of this work show 
that Bi mobility is largely hindered in the Al film of the AliV 
system, behavior which was already observed in previous 
works. 1,2 At present we do not have a plausible explanation 
for this behavior. In principle, it could be attributed to non
annealed strains produced in the Al film when it is evaporat
ed on the V bulk. On the other hand Hi diffuses regularly in 
the V bulk of the AliV system with the same mechanism as 
in pure V. 
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