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CHAPTER

I

General introduction

The surfaces of solids influence much of our every day life: impressions of an object to the outside world (colour, roughness) result from
there. The properties of an object are often determined by the properties
of the outermost .1 to 1 pm of the solid: examples for this come from
such diverse fields as metallurgy (wear, corrosion and hardness), catalysis and adhesion. Since requirements for surface and bulk properties
are often conflicting, technologies which can be used to directly tailor
or construct surface layers with properties independent of those in the
bulk would be very welcome.
Within the past fifteen years new techniques have been developed to
modify surface layers. These techniques fall into two categories: (i) ionand (ii) laser- and electron beams [1].
(i) Foreign atoms can be directly introduced in a solid in the form of
an accelerated ion beam. Jn the semiconductor industry this process,
known as ion implantation, has been accepted already as a standard tool
for the modification of the electronic properties of semiconductor surfaces. With commercial ion accelerators available to date, the implantation
AC

O

of 10 at/cm , which is a typical dose needed for these applications, can
be achieved within times in the order of minutes. However, in order to
alter the corrosion, wear, optical or magnetic properties of metal surfaces, ion doses are needed which are orders of magnitude larger. Significant liiodif ications of metal surfaces are obtained only by injection of
foreign species in the order of ten atomic percent. With ion implantation
only this becomes very tire consuming and thus economically unattractive.
Moreover, a maximum concentration that can be reached by ion implantation
is set by the sputtering phenomenon. If S atoms are removed from the surface for every incoming ion, the maximum concentration of dopants in steady
state will not exceed 1/S. Therefore, though direct ion implantation has

- 12 been successfully adopted for surface modification of metals in some cases
[2], its practical use is still doubtfull.
The limitations of ion implantation of atomic species A in B can, in
principle, be overcome by deposition of a layer of A on B and subsequent
irradiation of the A-B sandwich structure with energetic ions. The ion
impact induces a cascade of atomic collisions in the solid and if the ion
energy is sufficient to penetrate at least to the A-B interface, several
hundred atoms A and B can be mixed. This process is known as ion beam
mixing. The efficiency enhancement makes ion beam mixing for surface
alloying much more attractive than direct ion implantation. Moreover, the
sputtering limitation can be overcome and thick films can be produced by
repeated film evaporation and ion irradiation.
(ii) Surface modification can also be achieved by laser- and electron
beams. Lasers supply sufficient energy to melt a predeposited film and
pert of the underlying substrate. Mixing in the liquid state will be
followed by rapid solidification. The cooling rates achievable with pulsed
lasers are such that novel metastable surface layers can be fabricated.
This type of surface modification is relatively simple, rapid and can be
easily applied over large surface areas.
Different fundamental processes are involved in coupling the ion- and
laser beam energy into the surface region of a solid. Laser light is
absorbed via electronic excitation. The absorbed energy is converted almost instantaneously into atomic motion by subsequent deexcitation of the
electrons via emission of phonons. If the absorbed energy is high enough
melting of the surface will occur. Ion mixing, however, does not necessarily involve mixing in the liquid phase since in this case kinetic energy
is transferred via ion-atom and atom-atom collisions: in the early stages
after the ion impact only a limited number of atoms carry the initial ion
energy but, since these energies are far above say 10 eV the atoms will be
forced to mix. Therefore, with ion beams one may expect to form metastable
alloys of systems which cannot be alloyed by laser beams because of their
limited or zero miscibility in the liquid phase. This may signify a possible advantage of ion beam mixing over laser alloying. Laser mixing to
produce new surface alloys offers the greatest opportunity in systems
with liquid state miscibility but limited or non existent solid state
solubility.
This thesis deals with some fundamental aspects of ion beam and laser
mixing, with emphasis on the first. After the description of the design,
construction and test of a UHV apparatus to perform experiments in this
field (chapter II), chapters III through VIII treat a comparison between
laser and ion mixing of Cu with Au and Cu with w. The systems of Cu-Au

- 13 and Cu-W are collisionally identical but thermodynamica!ly very different.
Cu and Au have a negative heat of mixi.ig and show complete solid solubiity. Cu and W, on the other hand, are completely insoluble even in the
liquid phase and there are no compounds known. The comparison should provide a better understanding of the relative importance of purely collisional mixing, the role of thermodynamic effects and the contribution of
diffusion due to defect generation and migration during ion beam mixing.
In chapter IX laser alloying of Cu and Cr is studied. The Cu-Cr system
exhibits a miscibility gap in the liouid phase for large Cr contents and
a small solid solubility of .02 at.% Cr at room temperature. Pulsed laser
irradiation is applied in an attempt to produce metastable CuCr alloys
with a Cr solution in Cu above equilibrium.
Finally, in chapter X the use of ion beams is described in the solid
state reaction between polycrystalline Ni films evaporated on top of
single crystalline Zr. In this case ion mixing helps to overcome a reaction barrier between overlayer and substrate.
The work described in this thesis is principally aimed at understanding
some fundamental mechanisms of ion beam mixing. This has turned out to be
a job by itself. Therefore, besides some hardness measurements described
in chapter IX, the study of the properties of the new materials formed
has remained a future task.
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A UHV system for simultaneous evaporation and
ion beam mixing and in situ RBS analysis
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I. Introduction
The last decade has shown an enormous increase of interest in ion beam
modification of surfaces. At its surface, the outermost .01 - .1 urn of a
solid, an object experiences wear and corrosion and external electric and
magnetic fields interact there. So it is the surface that confronts the
environment and a tool , capable of changing surface properties of an object independent of its properties in the bulk would be very welcome in
satisfying the often conflicting? requirements for surface and bulk properties.
Directing an ion beam onto a surface, a controllable amount of almost
any material can be incorporated into a solid, at a depth which is dependent on the energy of the ions and the stopping power of the material to
be implanted. This can give rise to unique structures and compositions,
not attainable via conventional thermal means. Surface properties are
transformed accordingly, leaving the bulk of the solid unchanged.
The modification can be brought about by direct implantation of the
species A in B. A more effective way, however, is the deposition of a
layer of A on B and subsequent implantation of the A-B sandwich structure
with energetic ions. Different processes such as recoil implantation [1],
cascade mixing [2,3] and radiation enhanced diffusion [4] can bring about
a complete intermixing of A and B. The major advantage of this process,
known as ion beam mixing, as compared to direct implantation, lies in the
fact that one is able to mix more than one atom per ion. This efficiency
enhancement amounts to a factor one hundred or even more in some cases.
The possibility of mixing originally discrete layers using ion beams,
has opened a field for fundamental research on questions such as the role
of the ion mass and energy on the mixing process, the role of the chemical affinity of the constituents to be mixed and the formability of metastable or amorphous phases, as well as their magnetic and mechanical properties and their stability.
To contribute to the research on ion beam mixing and related phenomena
we have designed and constructed an apparatus where one can deposit sandwich layers of controlled thickness of different metals on a substrate,
and irradiate these structures, in the same vacuum chamber, with energetic ions. In addition, in situ Rutherford Backscattering analysis of the
as deposited and irradiated targets is provided.
Some examples of experiments done with this apparatus are given by
Westendorp et al. [5,6,7].
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2, Design considerations
In order to do experiments in the field of ion beam mixing one needs
an accelerator to produce beams of typically a few hundred keV ions. For
this purpose we have made use of an already existing accelerator in our
laboratory, described in detail in ref. [8]. This is a 320 kV accelerator, producing beams of multiply charged ions, with a typical current
density of 1 pA/cm for 300 keV Xe . The design of our mixing facility
is such that it should fit any high energy heavy ion accelerator.
To perform homogeneous implants, the inhomogeneous beam spot has to be
scanned over the target surface. This target is positioned in a main vacuum chamber, connected to the beam line. To be able to do all experiments in situ a facility to deposit layered structures onto the substrate
is connected to this main vacuum chamber. This facility contains several
reservoirs with different source materials to build sandwich structures
of a variety of materials. The necessity to deposit layers f^cc from contamination naturally imposes requirements on the vacuum conditions in the
main chamber. Finally, one can use a H or He ion beam from the same accelerator to perform RBS analysis.
We now discuss successively the design considerations of the ion beam
scanning system, the layer deposition facility and the main chamber.
a. The scanning system
In ion implantation systems, scanners are used to obtain uniform implants. For this purpose, electrostatic scanning is most frequently applied. The reason for this is the relative ease of obtaining linear triangular waveforms, its high scan rate anu the fact that it is less expensive than mechanical f.anning. In the case of high intensity beams (> '
mA) electrostatic scanning might becore troublesome since electric fields
disturb the electrons trapped in the beam and loss of these electrons
gives rise to space charge blow up of the beam. In that case mechanical
scanning [9] or hybrid systems, combining magnetic and mechanical scanning, are used [10]. We only deal with currents not higher than 10 uA, so
the space charge problem is o* nu concern and electrostatic scanning can
be applied.
The most basic parameters of an electrostatic scanning system are the
scanning frequencies in X and Y direction, as well as their ratio. The
trace of a beam scanned in X and Y by ideal triangular waveforms, draws
a Lissajons pattern on a planar target in period T. This pattern consists
of a four phased set of parallel and equidistant lines, when the ratio of

- 18 the frequencies is a rational number and when the initial phase of the
scanning wave is not controlled.
If tha scanning frequencies in X and Y direction are denoted by f and
fy (fx < f
y ) and if the ratio of the scan frequencies, is a rational number M/N, with M and N integers, then the time for a pattern to retrace
itself is given by
T = Ty*N = Tx*M=l/c

(1)

where c represents the highest common factor of f and f .
The spacing of the lines is given by
d = 2 X * Y / {T[(Xf) 2 +(Yf )Z]h
A

(2)

y

where X and Y are the scanning widths on the target [11].
The number
numbe of cusps, Mx and Ny , along the X and Y edges respectively,
are given by

Wcfo '

Wcfo

<3)

where f represents the unit frequency.
The shape of the Lissajons pattern is not only determined by the ratio
of the scan frequencies, but also by the phase relation between the X and
Y wave forms. To generate a pattern with equally spaced cusps the phase
displacement of the X-signal relative to Y has to be
*x = fr(n+i)/Nx

when <t>y = 0

or the displacement of Y relative to X should obey
"<t\ = T(n+i)/N
when $ = 0 , with n any integer.
y
y
x
The resultant pattern then has an effective line spacing equal to d/2
with d given in (2). When the phase displacements are equal to <j> = 7in/N
and <j> = :rn/N the Lissajons pattern degenerates to a figure with line
spacing d, and the repetition time and number of equally spaced cusps are
half the values given by (1) and (2).
The above is illustrated in fig. 1 for the case of triangular waveforms in X and Y directions, with frequencies f = 3 kHz, f = 7 kHz. Ac1
cording to (1) T = T™j-sec, N x = 7 and N = 3 . So generally, if the phase
relation between the X and Y signals is not controlled, you have 7 cusps
at the X edge and 3 on the Y edge (fig. 1a). If $ =Tr(n+J)/7 when <)> = 0
x
y
(n any integer), the cusps have equal distances (fig. 1b) and if <}> = -nn/7
when <f> = 0 (n any integer), one gets the above mentioned degenerated pattern with line spacing twice that of fig. 1b (fig. 1c).
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- 20 For good uniformity the scanning pattern must meet two somewhat conflicting requirements: (1) the structure of the pattern must be fine
enough relative to the beam diameter and (2) one complete pattern has to
be written in a time which should be small compared to the total implant
time and not greater than the fractional dose uniformity error limit for
the implant. This is due to the fact that an implant is normally started
and finished at random points in the scanning cycle.
As far as the first requirement is concerned one has to know the minimum beam spot size as well as the maximum size of the implant area. Our
accelerator produces a beam with a semi Gaussian snape, having a -j 2 mm in
both directions. The maximum implant area will be 50*50 mm , including
an overscan of an array of 4 Faraday cups to be placed around the target.
For 1% uniformity, the distance between adjacent lines must be less than
1.5 o, assuming the beam is Gaussian [12]. So one should have at least 17
lines in the scan pattern, in both directions.
To determine the implication of the second requirement, we first have
to know the minimum time an implantation will take. In our case doses
will be higher than 10 at/cm and the beam current density during scan-7
2
ning is less than 5x 10 A/cm doubly charged ions. Thus the minimum implant time is 60 sec. This means that at least 100 patterns must have been
written in this time, so that a partially completed frame is less than \%
of the dose. Therefore the time for a pattern to retrace itself is not
allowed to exceed .6 sec. A third factor we have to take into account in
the selection of the scan frequencies is the fact that we are using a
pulsed ion beam.
Using the Penning ion source of our accelerator in the continuous mode
gives overheating problems of the cathodes. Running the source at a frequency of 80-100 Hz, with a duty cycle of 33 1/3%, has turned out to produce a stable discharge [8]. Therefore the scanning frequencies had to be
chosen such that an integer number of pulses produces an integer number
of completed patterns, such that every part of the sample is exposed to
the beam an equal number of times. In addition due to the 1/3 duty cycle,
the time within a pattern of the scanner has to be written, reduces to
. 6 x 1 = .2 sec.
We have chosen f x = 900 Hz and f y = 912 Hz, f c h o p = 8 0 Hz, f x /f y = 75/76.
According to (1), taking into account that we apply a phase difference
equal to zero, T = j x 75/900 = \ x 76/912 = 1/24 sec. The number of cusps at
X and Y edge will be 38 and 37.5 respectively. Good relative stability of
the three frequencies is obtained by dividing the frequency of a crystal
oscillator accordingly.
If at t = 0, X = 0 and Y = 0, at t = 1/24 s the X and Y signals have passed

- 21 -

37J and 38 periods respectively. This means that at t = 1/24 s, Y = 0,
whereas X is at its maximum amplitude. In the time interval from 1/24 s
till 1/12 s exactly the same pattern is written but in the opposite direction. Thus at t = 1/12 s two patterns have been written and X and Y have
both returned to their starting positions X = 0 and Y = 0.

4—
250/6
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25/6

0=t

—P
500/G

4—
—»

4—

250= t
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'
ton. expianaJxan ize text.
Fig. 2 shows how the chop frequency and the duty cycle of the ion
source fit into the scan pattern. The figure shows the exposure of the
X axis to the ion beam as a function of time. At t = 0, in the upper right
angle of the figure, the source is switched on and is switched off again
after 25/6 ms. During the followi.., 50/6 ms the beam is off and when at
t=75/6 ms it is switched on again, the position of the ion beam is such
that a region with a width twice the width of the implanted region during
the first 25/6 ms is not exposed to the beam.
At t=250/6 ms a complete pattern has been written, X is at maximum
amplitude but only a part of the X-axis has been irradiated. During the
next 250/6 ms the trace of the ion beam moves in the opposite direction
along the X-axis, exposing a part of the formerly not irradiated segments
to the beam. Following the arrows in figure 2, one can see that at t=250
ms 6 patterns have been written and that every position on the X-axis has
been exposed to the beam twice, but not necessarily in the same order.
Having determined the scan and beam chop frequencies we have to consi-
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der nonuniformities introduced by the dimensions of the scan system.
Keller [13] has discussed nonuniformities in electrostatic scanning, due
to scan angle, wafer tilt etc. In our design (fig. 3) the lengths of the
scan plates and the distances from the plates to the target are such that
the scan angle will not exceed 1°. Then a wafer tilt of e.g. 4° will result in a nonuniformity less than .5% and can thus be neglected. The positions in the scanning frame where the beam is switched on or off will
change upon a change in the amplitude of the triangular waveform. Since
the stability of the amplitude in our case is better than \%, the resultant change of the "on-off position" will be less than the spacing of the
scanned lines and can thus be neglected.
As 'indicated in fig. 3, a 4.5° dog leg prevents neutral particles from
being implanted in the targets. The fraction of the ion beam being neutralized after passage between the plates of this neutral trap is calculated, assuming a cross section of 10
cm for neutralization of a X e +
ion of a few hundred keV energy, to be 8 * 1 0 , using a pressure of 10
Pa and a distance from the end of the trap to the target of .8 m.
b. Layer deposition
For the layer deposition chamber the requirements are the following:
(1) we must be able to deposit fairly thick (> 1000 #) layers in reasonable times (minutes); (2) different metals have to be evaporated to be
able to build layered structures; (3) precise control of deposited layer
thickness is needed and (4) the deposition rate should be high with respect to the arrival rate of impurities from the vacuum environment.

- 23 With an e-gun evaporator as layer deposition tool these requirements
can be fulfilled. We have installed a 10 kW, 3 crucible, VARIAN e-gun
evaporator, model VT-118. Each crucible has a volume of 40 cc, enabling
the preparation of a large number of samples before new source material
has to be added. Deflection, focus and scan of the electron beam can be
easily set, to produce a stable flux of evaporated atoms. The copper
block containing the crucibles is water cooled. Above the source we have
installed two shields: one is water cooled and placed 10 cm above the
crucible heart. The other shield, positioned in the main vacuum chamber,
is LNo cooled to maintain good vacuum in the main chamber. Both shields
contain two diaphragms, exposing the target as well as a quadrupole mass
analyzer to the evaporated atoms. This quadrupole, a BALZERS QMS 311, is
supplied with a cross-beam ion source. In this type of ion source a fraction of the particles passing through the quadrupole is ionized and extracted in a direction perpendicular to the flux of atoms, while the latter leaves the ionization volume through an aperture downstream. The ion
current is measured in a Faraday cup. A voltage proportional to this current is then converted into a frequency, whose integrated output during
an evaporation cycle is proportional to the deposited layer thickness.
Since the ionization probability is element dependent the quadrupole has
to be calibrated for every different source material. This is performed
by comparing the integrated output of the voltage to frequency converter
with layer thicknesses measured by RBS.
As far as the cleanliness of the layers is concerned, the base pressure of our system is 1 x 1 0 " Pa, without baking. During deposition, the
pressure rises to 5 * 10" Pa. Rest gas analysis using the quadrupole mass
spectrometer showed all partial pressures except that of H to be less
than 10 Pa. Given these low partial pressures and taking the sticking
coefficients of contaminating gases in the order of 10 and the deposition rate of the films 1 A7s, the concentration of contaminants in our
deposited films, due to the rest gas, is calculated to be less than 10
at % (10 1 7 at/cm 3 ).

c. Main vacuum chamber
Fig. 4 shows a picture of the main vacuum
tioned in the center of the main chamber, is
lator with rotation. The rotation enables us
ion beam or to the e-gun evaporator. One can
angle of 45° with respect to the ion beam to
irradiate the target.

chamber. The target, posimounted on an X-Y-Z maniputo direct the target to the
also fix the target at an
simultaneously evaporate and
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- 25 The sample is electrically isolated, so samples can be heated to perform irradiations at elevated temperatures or to study in situ solid
state reactions as a function of temperature. Instead of this simple target manipulator one can also mount on the same flange a 3 axes goniometer
for channeling experiments [14],
Four Faraday cups, each with an effective area of 10 mm', are placed
symmetrically around a circular aperture with 10 mm diameter, positioned
at the center of the beam line. Thes.e cups can be seen at most right in
fig. 4. During an implantation the ion beam is scanned over the target
and the cups. The overscan to be made amounts to the width from foot to
foot of the Gaussian shaped beam spot. That means that the size of the
totally implanted area will be roughly 50x50 mm , since the beam spot
measures » 10 mm foot-foot. In that case the homogeneously implanted area
is roughly 30x30 mm , containing the target and the four Faraday cups.
The cups are used for ion beam dose measurement and centering of the scan
pattern.
While doing RBS analysis the aperture and cups are replaced by a system of three diaphragms with an effective diameter of 1 mm and supplied
with an electron repeller. This replacement can be carried out using a
linear freed through, without breaking vacuum. A surface barrier detector
to measure the energies of backscattered particles during RBS is mounted
on a plate which can be rotated about the target. The detector can be
cooled to -20°C. This decreases the detector leakage current and consequently improves the detector resolution.
The detector signal is fed into a preamplifier, positioned outside the
vacuum chamber. When vacuum demands are not so severe (pressure > 10"
torr) the preamplifier can be installed within the vacuum chamber, directly attached to the detector, in order to lower the preamplifier input
capacitance. In that case the preamplifier has to be cooled too. The preamplifier pulses are shaped by a spectroscopy amplifier and fed into a
multichannel analyzer. Pulse pile up rejection enables high counting
rates. Detector and additional electronics are grounded on one and the
same point. This appeared to be most successful! in minimizing the main
amplifier noise level. The resulting energy resolution is 6 keV for 500
keV He.
In fig. 4 one can also see the quadrupole mass spectrometer. It is
placed in a copper cylinder, which is connected to the large LNo cooled
shield below in fig. 4. This copper cylinder is evidently supplied with
diaphragms to enable thickness monitoring.
As far as the vacuum of the system is concerned, we have designed it
to be UHV compatible. In the evaporator and the main chamber all flanges
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- 27 are sealed with copper. The system is evacuated by a turbomoiecuiar pump
with a rotary pump. A 440 1/s ion getter pump and a 1500 1/s sublimation
pump in the evaporator, in combination with LNo shields in the evaporator
and in the main chamber enable us to deposit layers at a pressure of
1 x10~ 6 Pa, without baking.
In order to achieve high sample throughput a sample leading chamber is
connected to the main chamber. Samples can be stored in the loading chamber, while a valve between the loading and main chamber maintains UHV
conditions in the main chamber. With a short pump down time, samples can
be transferred from atmospheric pressures into UHV within thirty minutes.
At left in fig. 4 one sees a rod with a head with 3 pins that fit precisely into three holes in the sample holder. The pins are locked in the holes
and the target holder can be picked up from and installed in the manipulator head. The manipulation of the rod is magnetically coupled to the
outside handle.

3. Final construction and testing
The beam line with scanning plates, the main vacuum chamber and the
sample loading chamber have been constructed by High Voltage Engineering
Europa. The evaporator, connected via a 18' Wheeler flange with the main
chamber is a slightly modified version of a VT 118 VARIAN e-gun evaporator. A picture of the main chamber and evaporator is shown in fig. 5. In
case of servicing and in case of adding source material, the evaporator
can be completely detached from the main chamber, as is shown in the figure. This is achieved by an elevator bringing the evaporator with its
four wheels down onto two rails, after which it can be pulled away. On
the left side of the main chamber one can see the sample loading chamber,
on the r*ah+ one sees part • : the beam line.
The uniformity of implants was tested by exposing a Si single crystal
to a 300 keV Xe
ion beam. At different spots on the sample we have measured the Xe areal density using RBS. The relative variations of the Xe
dose over the sample area (7x11 mm ) were less than \1.
A variety of materials has been evaporated such as copper, tungsten,
chromium and nickel, and we are able to control the thickness of the deposited layers within 10%. This is mainly due to the fact that the ionization probability of the atoms in the ionization volume of the quadrupole is dependent on the velocity of the atoms and thus on the temperature
of the melt. Variations in temperature are sufficient to induce large variations in vapour pressure, these variations might give rise to relative

- 28 errors of 5-102 in deposited layer thickness. No variations of thickness
over the area of one single evaporated structure could be detected.
Without the ion beam scan facility and the evaporator, but supplied
with a 3 axis goniometer this chamber is ideal for UHV channeling experiments with high sample throughput.
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Abstract
4+

J5

-2

300 feel/ Ki ixin-bcmba/tdment at a do&e. o& 5 * 10 cm hoi bzen
applied to initiate, mixing o{ 250 A W and Au coatingi on Cu. tingle.
itadizd,
4
+ Cu-Au-Cu and Cu-W-Ca ia.ndwLc.keA have, atbo bzzn
Z UzV 2We Ruthzn.&o>id bac.kiccvU.esu.ng cu> an analytical

tool.

In contAxut

to

the. Cu-Au iyitm, no Cu-W alloy* one. knouM to extAt undex no/umJL tkeAmodynamic condition*. So iX. u> intexutAng to ieaAch ioK condUxom uhich allow
thz {jOhjmatyLon OjJ mzta&table. Cu-W alloyi by ion beam mixing. In addition,
fafiom the point ajj view ofa /i&coil implantation and caicadz mixing the Cu-Au
and Cu-W iyitzmi axz quAXe. iimilat, &o the. compcuUAon may ptovidz a tut
o& the. cunAznt theo>iiet> {OK ion beam mixing.
Room tempehatuxe. iwuidiatMm& &how that Cu-Au. mix Kea.diliy, uiheAzai katdlq
any mixing a> ob&e/ive.d {OK thz Cu-W bybtzm. Tki& cleanly &hovx> that any
KeoJli&itic. model o& ion beam mixing muit include the. thojmodynamic.
o{ the. ipeciei
involved.

- 30

-

1. Introduction
It has been known for some years that bombarding a thin coating deposited on a substrate with ions, whose range is at least comparable with
the deposited layer thickness, will bring about an interdiffusion of the
two species. Recent developments have led to the use of this effect as an
alternative to the direct implantation of the impurity atoms [1]. In this
way it should be possible to form alloys that are hard to create by ion
implantation because direct implantation requires high intensity beams
which are not easily generated for every element- In addition ion beam
mixing is found to be very efficient in some cases as beam doses of the
order of 10 15 cm -2 are enough to form alloys with impurity concentrations
7 -2
for which beam doses of 10 cm or more would be demanded in the case
of direct implantation.
These mixing features are not only interesting from the viewpoint of
the modification of metal surfaces, such as improving the wear resistance
of surfaces, but have also to be taken into account when sputtering is
used in profiling the composition of materials, because due to the relocation of atoms a redistribution of some constituents may take place.
Several mechanisms have been proposed to account for the observed mixing phenomena. The first and the theoretically best understood one is recoil implantation. Littmark and Hofer [2] calculated the displacement of
silicon atoms under 5 keV Ar + irradiation. This was found to be less than
50 A\ Other theoretical work on recoil implantation [3-5] pointed out
that the displacement of atoms under ion irradiation is of the order of a
few tens of Sngström, leading to the conclusion that the efficiency of
this mechanism is rather low.
An energetic ion win displace every target atom along its trajectory
and cause successive collisions of the neighbouring atoms. This cascade
of collisions can give rise to the mixing of foreign and host atoms because both types of atoms can become relocated. It can easily be appreciated that this cascade mixing mechanism is a far more efficient one
than recoil implantation because the overwhelming majority of displacements of foreign atoms occurs as a result of impacts of recoiling matrix
atoms which are not only much more numerous than direct impacts with the
incident ions but these collisions also take place at lower energies and
consequently have a larger cross-section.
Theories about cascade mixing have been worked out by Haff and Switkowski [6], who proposed a model describing the process by analogy with
diffusion in a gas, Matteson et al. [7] who based their model on the
theory of random flights and Sigmund and Gras-Marti [8] who showed that

- 31 the effectiveness of cascade mixing is such that displacements of the order of a few hundred angstrom should be possible. Both recoil implantation and cascade mixing are typically kinematic collisional models and do
not show any explicit dependence on temperature nor on radiation induced
defects.
The third and most complex mechanism is that of radiation assisted
diffusion. This theory states that the damage produced by the incident
ions increases the probability that thermally activated atomic jumps will
occur i.e. by the creation of defects the number of sites to which atoms
or complexes may jump is increased. Some of the created defects will combine to form clusters, while others will associate with an impurity. The
impurity-defect complexes may be mobile and in the presence of a concentration gradient of the defects or the impurities a thermally activated
diffusion process may take place. The diffusion length is determined by
the density of sinks and traps and can be long with respect to the penetration depth of the incident ions which initiate the process. The direction of movement of the impurity atoms is found to be dependent on the
binding between a solute atom and a defect: strong binding between these
two provides a flow of the two species in the same direction while in the
case of weak binding a flow of solute and solvent atoms in one direction
is accompanied by a flow of vacancies in the other [9-10]. The impurityvacancy binding energy dependence of the direction of displacement of solute atoms has already been reported as the result of a variety of investigations [11-12].
In this paper we compare the mixing of Au and W coatings with Cu substrates. Mayer et al. [1] deposited Au layers of thickness of ~ 100 K on
Cu single crystals and showed that polycrystalline solid solutions of Au
in Cu can be achieved using 300 keV Xe ions at doses varying 1-10 * 10
cm . The atomic concentration of Au in Cu was found to be higher than
the maximally achievable concentration in the case of direct implantation
and the Au atoms were found to be positioned mainly on substitutional
sites. These results gave us the opportunity to use Au-deposited Cu crystals as a reference. In contrast to the Cu-Au system, no Cu-W alloys are
known to exist under normal thermodynamic conditions, so it is interesting to search for conditions which allow the formation of metastable Cu-W
alloys by ion beam mixing. Both systems are similar from the point of
view of recoil implantation, so an analogous investigation of the mixing
behaviour of the two systems may provide a test of the current theories
for ion beam mixing.
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2. Experimental
Cu single crystals, 6 mm thick and 15 mm diameter, of various crystal
orientations were electrolytically etched before deposition of the layers.
Au and W layers of 250 # thickness were sputter deposited on Cu<100 > single
crystals. In addition, to improve the sensitivity for displacements of
atoms across the interface of two layers, sandwich layers for both systems
were prepared built up as Cu<111> - 100fl Au - 240 A Cu and Cu<110> - 100 M W 240 #Cu, respectively.
Ion irradiation was carried out at room temperature and in all cases
15 -2
300 keV Kr ions were used with an ion dose of 5x 10 J cm . The range of
the ions was chosen such that the projectiles would reach at least the interface of the deposited layer and substrate. The beam current density was
about 5 uA/cm . 2 MeV ~He + backscattering analysis was carried out to study the composition of the surface before and after ion irradiation. In all
the analyses the scattering angle was set at 110°.

3. Results
Fig. 1 shows the backscatter spectra for the 250 & layer on a Cu<100>
single crystal measured at an ion-irradiated spot and at a virgin spot.
Due to the irradiation a mixing of the Au layer and the Cu substrate has
appeared, resulting in a layer C u A u , „ with a composition varying with
X

I "A

depth. Using RBS we are only able to determine the composition of the surface layer. To decide whether a Cu-Au alloy is formed other techniques,
like X-ray diffraction, should be applied.
Fig. 2 shows backscattering spectra for the W deposited layer on
Cu<100>. In this case no mixing of the two species is observed. Due to
sputtering during the ion bombardment a decrease of the W layer thickness
of ~ 50 K has taken place.
Figs. 3 and 4 give similar results about the mixing behaviour of the
species under study. In the case of the sandwich structure of Au (fig. 3)
we see the start of the formation of a Cu Au, mixture with more or less
constant composition throughout a region of about 400 A\ Comparing the
random heights of the Cu and Au signals from the surface layer the average composition of the mixture can be estimated to be Cu Q 8 5 A U Q 15. This
is to be compared with the known alloys Cu^Au, CuAu and CuAu^ [14].
The corresponding spectrum for W (fig. 4) hardly shows any mixing;
some broadening of the W and Cu peaks can be seen. Comparing the full
width at half maximum of the W peak from the irradiated and non-irradiated
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- 35 spot, a broadening of 50 A after irradiation was found. This is larger
than the measured nonhomogeneity of the deposited W coating, but an order
of magnitude smaller than the observed mixing in the case of the Cu-Au-Cu
sandwich.

4. Discussion
As mentioned earlier in this paper, the maxing of Cu and Au under 300
keV Xe irradiation has been reported by Mayer et al. [1], We have seen
similar results for irradiation with 300 keV Kr +. In contrast with this
case no mixing is observed in a similar experiment with a W layer deposited on a Cu single crystal. If the mechanism of ion beam mixing could be
described satisfactorily by recoil implantation and cascade mixing no pronounced difference between the mixing phenomena for both systems would be
expected.
The pronounced differences observed between the Cu-Au and Cu-W systems
may be explained in two ways: (1) the small displacement of the atoms observed in the Cu-W systems may show what should be expected from collision
cascade mixing, then the substantially larger extent of mixing in the
Cu-Au system must be due to radiation enhanced diffusion. (2) On the other
hand the Cu-Au mixing may be the result of cascade mixing and in the Cu-W
system this is counteracted by demixing because Cu and w do not combine
chemically. If this demixing effect indeed occurs, it does not give rise
to precipitates as can be concluded fromspectra 2 and 4. So we have to
conclude that any realistic model of ion beam mixing has to include the
thermodynamic properties of the species involved.

Acknowledgements
The authors are indebted to Prof.dr. W.F. van der Weg and Philips Research Laboratories for helping with the sample preparation, and to Dr.
A.E. de Vries for helpful discussions. Z.L. Wang would like to thank Prof,
dr. J. Kistemaker for his hospitality and support at the FOM-Institute.
This work is part of the research program of FOM and is supported financially by ZWO and Hazemeyer B.V.

- 36

-

References
[ 1 ] J.U. Mayer, S.S. Lau, B.V. Tsaur, J.M. Poate and J.K. Hirvonen, in:
Ion implantation in materials science and technology, ed. J.K. Hirvonen (Academic Press, New York, 1980) p.37.
[ 2 ] U. Littmark and W.O. Hofer, Nucl.Instr. and Meth. J68, 329 (1980).
[ 3 ] R.A. Moline, G.W. Reutlinger and J.C. North in: Atomic collisions in
solids, vol. 1, ed. S. Datz (Plenum, New York 1973) p.159.
[ 4 ] R.S. Nelson, in: Ion implantation, eds. G. Dearnaley, J.H. Freeman,
R.S. Nelson and J. Stephen (North-Holland, Amsterdam, 1973) p.221.
[ 5 ] S. Dzioba and R. Kelly, J.Nucl.Mat. 76, 175 (1978).
[ 6 ] P.K. Haff and Z.E. Switkowsky, J.Appl.Phys. 48, 3383 (1977).
[ 7 ] S. Matteson, B.M. Paine and M.A. Nicolet, Nucl.Instr.and Meth. 182/
183, 53 (1981).
[ 8 ] P. Sigmund and A. Gras-Marti, Nucl.Instr.and Meth. J82/J83, 25
(1981).
[ 9 ] R.A. Johnson and N.Q. Lam, Phys.Rev. B JK3, 4364 (1976).
C103 A.D. Marwick, R.Z. Piller and P.M. Sivell, J.Nucl.Mat. 83, 35 (1979).
[11] A.D. Marwick and R.C. Piller, Rad.Effects 47, 915 (1980).
[12] R.R. Hart, H.L. Dunlap and J. Marsho, J.Appl.Phys. 46_, 1974 (1975).
[13] S. Matteson, G. Mezey and M.A. Nicolet, in: Thin film interfaces and
interactions, eds. J.E.E. Baglin and J.M. Poate (Electrochemical
Society, New Jersey, 1980) 242.
[14] M. Hansen, Constitution of binary alloys (McGraw-Hill, New York,
Toronto, London, 1958).

CHAPTER

IV

A comparison of atomic mixing behaviour
of Cu-Au and Cu-W systems
for room temperature and low temperature irradiation
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1. Introduction
The atomic mixing of thin layers by ion beam irradiation has potential
for application to surface modification of materials and as an alternative to the direct ion implantation in metals [1,2,3]. The basic mechanisms of ion beam mixing are not yet very well understood, several mechanisms have been proposed to deal with the observed mixing phenomena. First,
collisional mixing may be induced by the many successive displacements of
target atoms by collision cascades [4,5]. Second, mobile defects such as
vacancies and interstitials generated by the irradiation may give enhanced diffusion [6]. Third, Marwick et al.[7] investigated the segregationassisted recoil implantation at elevated temperatures and found that a
radiation-induced solute flux away from the substrate/overlayer interface
is effective in carrying implanted atoms out of shallow surface layer.
The solute fluxes produced by segregation can be much larger than those
due to radiation-enhanced diffusion. In general, often more than one mechanism appears to be contributing to the mixing observed for a particular
system and many factors influence the atomic mixing behaviour. Therefore,
it is worthwhile to study the mechanisms of atomic mixing under various
conditions.
In the collisional mixing process, involving recoil implantation ind
cascade mixing, kinetic energy of incident ions is transferred to target
atoms via atomic collisions. In principle this effect does not depend on
the temperature of the substrate during ion irradiation. The segregationassisted diffusional mixing depends on temperature of substrate and enhanced diffusion is dependent on temperature at low temperatures if annihilatton occurs principally by recombination. Therefore, we can minimize
diffusional contributions to the atomic mixing by means of lowering substrate temperature during ion beam irradiation.
We have reported [8] the ion-beam mixing of Cu-Au and Cu-W systems at
room temperature as an example for comparing the atomic mixing behaviour
of miscible and immiscible systems. In this paper, we compare the temperature dependence of atomic mixing for Cu-Au and Cu-W systems in order to
understand the mixing mechanism for these systems.

2. Experimental procedure
Cu single crystals, 6 mm thick and 15 mm diameter, of various crystal
orientations were electrolytically etched before deposition of the layers.
Au and W layers of 250 A" thickness were sputter deposited on Cu<100> single

- 39 crystals. In addition, in order to prevent rapid Au or W sputtering by
the incident Kr ions, sandwich layers for both systems were prepared
built-up as Cu<111>- 100 #Au - 240 fiCu and Cu<110> - 100 A W - 240 A"Cu, respectively.
The samples were mounted, for irradiation, on a copper target holder
which could be cooled from outside the vacuum by using liquid nitrogen.
The temperature was monitored by means of an iron-constantan thermocouple
connected to the samples. Ion irradiation was carried out at room temperature and at low temperature and in all cases 300 keV Kr ions were used
with ion doses varying from 2x 10 1 5 to 2 x 10 1 6 Kr at/cm 2 .
The low temperature irradiation was chosen at 127 K and LNo temperature. The irradiation beam energy was chosen such that the projected
range would reach the interface of deposited layer and substrate.
2 MeV ~He backscattering analysis was performed at room temperature.
It was necessary to bring all samplet, to room temperature after low temperature irradiation.

3, Results
3.1. Comparison of Cu-Au and Cu-W systems
Fig. 1 and 2 compare the atomic mixing behaviour of the Cu-Au-Cu sandwich and the Cu-W-Cu sandwich irradiated by 300 keV Kr ions with a dose
of 5x 10 /cm at room temperature. Backscattering spectra for the Cu-AuCu sandwich are shown in fig. 1. A nixed layer of Au and Cu has appeared,
resulting in a Cu Au«
mixture with more or less constant composition
throughout a region of about 400 A. By comparing the random heights of the
Cu and Au signals from the surface layer one can estimate the average composition of the mixture to be Cu „rAu .g. Fig. 2 shows backscattering
spectra for the Cu-W-Cu sandwich. This spectrum hardly shows any mixing,
however, one can see come broadening of the W peak even though no Cu-W
alloys are known to exist under normal thermodynamic conditions. Comparing
the full width at half maximum (FWHM) of the W peaks from the irradiated
and unirradiated spots, a broadening of 50 A" after irradiation was found.
This is an order of magnitude smaller than the observed mixing for the
Cu-Au-Cu sandwich.
3.2. Dose dependence of atomic mixing
15
2
A series of irradiations with doses varying from 2 * 10 Kr/cm to
16
2
2x10
Kr/cm for Cu-Au and Cu-W systems at room temperature have been

- 40 -

6.0
100 1

» N 0 I IRRADIATED SPOT

S 3.0

I

2cu

^IRRADIATED SPOT

260

340

300

380

460

500

CHANNELNR

Kg.

o& thz

1. 1 UzV *He. RBS

Cu<ÏZI>-Au-Cu

80
100»

z

•-240A

n

8

w

rNOT

Cu

IRRADIATED SPOT

O
-I
UJ

o

Cu AT SURFACE

czc

i

JRRAOIiTED SPOT

260

300

340

380
CHANNELNR

420

F-ig. 2. 1 Mei/ 4,,He+ RBS ipzcXm. o& tkz Cu<110>-b)-Cu
iandtülck.

460

500

- 41 studied. Typical ion backscattering spectra taken before and after irradiation with varied doses, 2x 1O 15 /cm 2 , 5x 10 1 5 /cm2 and 1 x io 16 /cm 2 ,
at room temperature are shown in fig. 3. At increasing bombardment doses
the spreading of the Au peak is increasing, but the sputtering of the Au
layer becomes significant which reduces the peak width at high doses.
Fig. 4 shows the dose dependence of mixing in the W-Cu system. Mixing
of w and Cu induced by 300 keV Kr irradiation is clearly observed at a
dose of 1.3x 10 1 6 /cm2.
Comparison of the dose dependences of mixing for Cu-Au and Cu-W shows
that similar to the sandwiches Cu-Au mix readily, whereas less mixing is
observed for the Cu-w system.
3.3. Temperature dependence of atomic mixing
Since diffusional mixing may be thermally activated whereas collision
cascade mixing will be independent of substrate temperature during the irradiation, the temperature dependence of atomic mi ng for Cu-Au and Cu-W
systems has been investigated in order to find out the dominant mechanism
of atomic mixing in different temperature regimes.
Fig. 5 shows the Rutherford backscattering spectra for the Au-Cu sample,
15
2
which were taken after 300 keV Kr irradiation with a dose of 5x 10 /cm
at room temperature and at 127 K. For comparison, fig. 6 shows the temperature dependence of atomic mixing for W-Cu sample. In the case of Cu-Au
a pronounced difference between low temperature irradiation and room temperature irradiation is observed. From fig. 5 one can determine the full
width at half maximum of the Au peak (FWHM). The increment of FWHM for Au
at low temperature irradiation is about 20 keV (corresponding thickness
of » 100 A"), which is less than that at room temperature. It is clear that
at low temperature irradiation for the Au-Cu sample, the diffusional contributions to the atomic mixing have been suppressed. In the W-Cu system
no influence of the substrate temperature during irradiation has been observed.

4. Discussion
Andersen [9] has proposed a model of cascade mixing in which the distribution of momentum transfers is taken to be isotropic, the resulting
migration is a random walk. Therefore, the transport of species can be
characterized by introducing an effective diffusion coefficient D*. This
quantity D* has been related according to the Einstein's relation
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(1)

where R is the root mean square separation for a vacancy interstitial
pair and P(x) is the atomic displacement rate which can be calculated
using the modified Kinchin-Pease relation [10], yielding

In this expression
<>
j is the ion flux,
ion per unit tfepth
Thomse.i [11] point
r

_

Ed>eff is the effective threshold displacement energy,
(gl) r is the energy deposited in nuclear stopping per
and N is the atomic density of the solid. Schi0tt and
out that Ej e f f can be written as

D~ d,irrin

(3)

where E^ • is the minimum displacement energy, to be found in ref. [ 9 ] .
For E 0 - 2 . 6 E d t m 1 n [ 1 1 ] , we have
,dE }
•?* "
È

N

..
'

(4)
<4)

Therefore, the effective diffusion coefficient D can be written as
D

*

•

"

6

Since the cascade mixing process is assumed to be a random walk in
Andersen's model, an original delta function will be smeared out to a
2
*
Gaussian distribution with variance a =2D t, t representing the time
during which diffusion takes place. According to (5), we find for the
increment of the FWHM of an initially discrete concentration profile,
using FWHM = 2.4o for a Gaussian distribution,

flf^ •

(6)

(5|) can be calculated theoretically with an accuracy of ~ 20% [12].
Using expression (6), we can estimate the order of magnitude of A(FWHM)
as a result of ion bombardment. In the case of 300 keV Kr ions bombarding
a Cu target with a dose of 5x 10 at/cnr, we estimate A(FWHM) to be 70 A\
This number is consistent with the observed displacement order of magnitude for Cu-W. The same order of magnitude of the increment of FWHM for
Cu-Au is predicted from the cascade mixing point of view, but this is

- 45 clearly inconsistent with our results. Expression (6) predicts that (FWHM)
increases with the square root of the dose, but at present we dot not have
experimental evidence to support this.
The discrepancy between the observed and predicted increment of FWHM
for the Au-Cu system from collisional mixing point of view can be explained by taking enhanced diffusion into account. Radiation-enhanced diffusion
may greatly accelerate the diffusion of substitutional atoms and this mechanism is believed to be caused by the increase of the concentration of
vacancies and interstitials above their equilibrium values during ion irradiation. According to the approximation in ref. [13] the enhanced diffusion coefficient D can be estimated. We find D* for Au to be 10" ~
10~ cm /sec and a diffusion length /D*t of 350 A under our typical experimental conditions would be predicted.
In principle, radiation-enhanced diffusion is a thermally activated
process and strongly depends on temperature. Therefore, one can understand
why there is a drastic temperature dependence of atomic mixing for the
Au-Cu system. In addition, radiation-enhanced diffusion is of relevance
to many factors, such as creation and escape or loss rate of vacancies and
interstitials, vacancy formation enthalpy and vacancy migration enthalpy
etc. It is well known that for W and Au, the values of the vacancy migration enthalpy and the vacancy formation enthalpy are quite different.
These factors must influence the ion-beam mixing behaviour.
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CHAPTER

V

Laser and ion-beam mixing
of Cu-Au-Cu and Cu-W-Cu thin films
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1. IntrvJuction
Directed energy deposition in order to induce atomic mixing in thin
film systems, has been receiving remarkable attention recently. Within
the last three years, the use of ion, laser and electron beams to change
the structure and composition in the near surface region of bulk materials
has been investigated actively [1-4]. Advantages provided by pulsed laser
mixing include short reaction times, ""ocalized heat treatment, high heating and cooling rates, resulting in the formation of metastable supersaturated solid solutions and surface alloys in laser-irradiated thin film
systems.
In some cases atomic mixing can be induced by both laser or ion beam
interactions: hoviever there are some limiting factors, in particular in
the case of laser irradiation. Sood [5] has formulated a set of criteria
for the formation of metastable solid solution by pulsed laser irradiation. These are: 1) regrowth by liquid phase epitaxy can be ensured by
proper selection of beam parameters; 2) the system has miscibility in the
liquid phase at temperatures and composition employed; and 3) cooling rates are high enough to suppress nucleation and growth of equilibrium phases. In comparison with experiments Sood has shown that agreement is very
good for a large variety of ion-implanted metals. Agreement with experiments on alloy formation by laser mixing of overlayer films is less certain because only a few systems have been studied so far and disagreement
with the criteria of Sood is observed in the case of Ag/Ni.
We have shown in earlier work [6,7] that mixing of Cu-Au and Cu-W can
be induced by 300 keV Kr ion bombardment. Ion beam mixing of Cu-W appeared
to be due to a purely ballistic effect. For cascade mixing one may expect
a square root of the ion dose dependence whereas for recoil mixing a linear dependence is expected [12]. Therefore in the present paper the effect of 300 keV Xe ion bombardment on Cu-Au-Cu and Cu-W-Cu sandwiches is
investigated, in particular as function of ion dose.
Moreover a study of the mixing effect of Q-switched ruby laser irradiation on Cu-Au and Cu-W systems is made. In terms of the above criteria
these systems are of interest, for Cu-Au is highly soluble and also many
different compounds exist whereas Cu-W is completely immiscible even in
the liquid phase and no compounds are known. Thus, the present work provides a further experimental test of Sood's criteria for the formation of
metastable solid solutions as well as a comparison between the effects of
ion-beams and pulsed laser irradiation on thin film mixing.
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2. Experimental procedure
Two types of samples have been prepared, both on SigN^ substrates. One
set was covered with a Cu-Au-Cu thin film sandwich with thicknesses equal
to 2000 A -350 A - 210 A respectively, the other with a Cu-W-Cu thin film
structure with individual thicknesses equal to 2000A* -25 A - 440 A". Before
and during the vacuum evaporation of the Cu-Au-Cu system the pressure was
10" and 10" Torr. In order to avoid oxidation of W the pressure in the
evaporation chamber was kept at 2 * 10 Torr before and 3 " 10 Torr during deposition of the Cu-W-Cu sandwich.
For laser mixing the samples were irradiated in air and at room temperature with pulses from a Q-switched ruby laser (T = 2 5 ns), maximum output
4 J. Mostly a laser energy density between 2.0 and 3.0 J/cm has been
used. In the case of the Cu-W-Cu system a thin W layer of only 25 A* was
used because samples with thicker (200 K) W layers were found to be da2
maged even at laser energy densities of 1 J/cm . This is probably caused
by the very low heat conductivity of these layers.
For ion beam mixing the samples were irradiated with 300 keV Xe + ion
beams at doses varying from 2x 10' cm to 1 x 10 cm . Irradiation was
done at room temperature, the samples were not cooled deliberately but
beam currents were kept 5 3x 10" A/cm in order to avoid heating. For
both laser and ion-beam irradiation, the beam was col unrated to a circular spot of 3 mm diameter. The samples were analyzed by Rutherford backscattering spectrometry [8] using 2 MeV He* and scattering angles of 110°
and 170°.

3. Results
3.1. Laser mixing of Cu-Au-Cu
Fig. 1 shows 2 MeV He + Rutherford backscattering spectra of the Cu-Au-Cu
thin film sandwich, taken before and after Q-switched ruby laser irradia2
2
tion and laser energy densities varying from 2.35 J/cm to 2.6 J/cm . In
2
the case of 2.35 J/cm a little broadening of the Au peak in the backscattering spectrum, as compared to an unirradiated spot on the same sample,
2

7

is observed. For laser energy densities of 2.5 J/cm and 2.6 J/cm the
height of the Au peak is reduced and its width increased, whereas the integrated area stays the same. This, as well as the changes observed in the
Cu-parts of the backscattering spectra, clearly indicate mixing of Au and
Cu. By comparing the full width at half maximum (fwhm) of the Au peak from
an irradiated spot and the virgin spot, we have obtained the increment of
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A(fwhm). =/(fwhm). - (fwhm), .
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This is related to the broadening of the Au depth distribution in the
CUyAU1-¥

sample through the energy loss factor [S]«
from gold in the Cu Au., mixed layer:
X
1 A
A(fwhm)
Au
a =-

+

of He backscattered

—

(2)

[S]

Au

The energy loss factor [S] changes with the compositional changes as a
result of laser mixing. We have used the peak height of Au in order to estimate x in Cu Au, v. Since the energy loss factors of pure Au and Cu differ by only 10%, the error due to this estimated composition is acceptable. In fig. 2 we have plotted both A(fwhm). and o as a function of laser
energy density. A linear dependence is observed throughout, which will be
discussed in section 4.
Below 2.3 J/cm any changes to the Cu-Au-Cu sandwich structure are below the detection sensitivity of Rutherford backscattering. We believe
that there is a threshold energy density for laser mixing, in order to mix
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- 52 thin films of Au and Cu one must at least melt both. Any quantitative
analysis of this, however, is beyond the scope of the present paper. It
is to be expected that multiple pulses above threshold will allow further
intermixing. This can be seen in fig. 3, which gives Rutherford backscattering spectra of a virgin spot,.a spot irradiated with a single pulse
p

from the laser at 2.35 J/cm and one irradiated with 4 pulses of 2.35
o

J/cm . Clearly the intermixing in the latter spot is much enhanced. We
find A(fwhm)„ or a for this spot to be 3x as high as the value for a
single pulse of the same energy, see fig. 2.
3.2. Ion-beam mixing of Cu-Au-Cu
We have reported earlier that atomic mixing of Cu-Au can be induced by
Kr ion bombardment at low doses. Here we give the results for 300 keV Xe
bombardment of the same Cu-Au-Cu sandwich structures used in the laser
mixing experiments described in the previous section. Fig. 4 shows 2 MeV
He + Rutherford backscattering spectra of an unirradiated spot and spots
which were bombarded with 300 keV Xe 3 + to doses of 1.9 * 10 1 5 cm' 2 ,
15
4.7x10

-2
15
-2
cm and 6.7x10
cm . I n i t i a l l y the Au peaks in these spec-

tra show approximately a Gaussian p r o f i l e , but as the peak heights decrease and t h e i r widths increase a more or less f l a t top becomes apparent.
in
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- 54 Also the copper part of the spectra shows for higher doses a rather flat
distribution in the surface region. This indicates that gold and copper
can be mixed almost uniformly with a 300 keV Xe ion beam at a dose of
15 -2
6.7x 10 cm . From the heights of the Cu and Au signals, in fig. 4, a
2
?
ratio of the number of Au atoms/cm over the number of Cu atoms/cm in
the mixed layer can be inferred. We get: N. /N~ =0.54, which must mean
that the composition of the mixed layer formed is Cu : Au = 0.65 : 0.35.
The thickness of this layer as determined from the width of the Au peak
is ~ 700 A.
In fig. 5 we compare laser and ion beam mixing. Fig. 5(a) shows backscattering spectra before and after laser irradiation with a single pulse
of 2.5 J/cm , fig. 5(b) before and after 300 keV Xe ion bombardment with
15 -2
a dose of 4.7x 10 cm . Two qualitative differences become apparent immediately. Ion bombardment causes the Au signal to spread to shallower as
well as greater depths, whereas under the laser beam the Au signal appears
to shift predominantly in depth. Even more striking is the difference in
composition. Under the ion beam an almost homogeneous mixture of Cu and
Au over ~ 700 A" can be formed, which appears to be difficult to achieve
with pulsed laser irradiation. Not only for the single pulse (fig. 5(a))
but also under multiple pulses (see fig. 3) does the Au signal continue to
look like a Gaussian concentration profile.
3.3. Laser irradiation of Cu-w-Cu
Problems have been encountered during laser irradiating a 200 A thick
W layer sandwiched between Cu. Even at the lowest laser density applied
o

(1 J/cm) did we lose the evaporated structure. This can probably be attributed to the rather poor heat conductivity of W resulting in overheating and evaporation of the top Cu layer. For a thin, 25 K, w marker sandwiched between 2000 ft and 450 A" C U , such problems were not encountered un2
til a laser energy density of more than 2.7 J/cm was applied. In fig. 6
four backscattering spectra have been plotted taken before and after pulsed laser irradiation at 2.58 J/cm, 2.6 J/cm and 2.7 J/cm . The spectra
do not show any evidence of laser induced mixing of Cu-w. At higher laser
energy densities the evaporated layers were lost.
3.4. Ion beam irradiation of Cu-W-Cu, dose dependence
As we have reported earlier mixing of Cu-W can be achieved using Kr
ions. Fig. 7 shows ion beam mixing of the Cu-W-Cu sandwich by 300 keV Xe 3 +
bombardment at doses of 3 x 10 1 5 cm"2, 8 " 10 1 5 cm"2 and 1* 10 1 6 cm" 2 .
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- 56 Note that although these spectra give clear evidence for ion beam mixing
of Cu-W, the efficiency is much lower than for the system Cu-Au (fig. 4 ) .
Note further that the centroid of the W peak hardly shifts as a function
of ion dose. This is remarkable because the top Cu layer is being thinned
by sputtering, see discussion section 4.2.
In fig. 8 we give a plot of the measured height of the W peak versus
Xe dose. Since the energy difference between He+-ions backscattered from
the front and rear side of the W marker is far below the detector resolution, we have used the height of the W peak for this variable is very sensitive to relatively small broadening in the originally thin buried layer.
We find a linear decrease of this height with the ion dose, which is equivalent with a linear increase of A(fwhm) w with dose, assuming A(fwhm) w is
smaller than the detector resolution. This requirement holds for Xe doses
£ 8 * 10 1 5 at/cm2. Error bars are due to possible non homogeneities of the
evaporated W layer and facetting of the Cu surface layer during ion bombardment. This will be discussed in section 4.
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H. Discussion
4.1.

Dose dependence of the mixing of a H marker layer

In discussing the results of our marker experiment we have to consider
two features: spreading and " d r i f t " of the W layer. As a consequence of
the s t a t i s t i c a l nature of the mixing process, the W peak height, which is

- 57 a measure of the W distribution, decreases linearly with dose, in case
the ion induced broadening of the W layer is smaller than the detector
resolution (~ 150 X ) . In addition, we have evidence that the W profile
shifts relative to the Cu atoms in the direction of the Cu substrate. To
support this we have given in fig. 9 a computer simulation of the W peak
that would be measured before and after irradiation if sputtering of the
surface layer of Cu was the only process taking place during ion bombardment. The shift of the W peak towards higher energies in fig. 9 is due to
60 K sputtering of the Cu surface layer, which is believed to be caused
15
2
by an irradiation dose of ~ 3.5 * 10 Xe at/cm. For clarity, no spreading is included in the simulation.
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In fig. 10 the measured W peaks are shown after irradiation with 3.06,
7,89 and 10.3x io 1 5 at/cm2. No clear shift appears in the spectrum relative to the unirradiated W peak. So we have to conclude that the W marker
'layer shifts, due to the Xe-irradiation, in the direction of the substrate
over a thickness comparable to the thickness of the sputtered Cu layer
(180 A after irradiation with 1.03x 10 16 at/cm 2 ). We estimate from the results of fig. 10 that the broadening of the W distribution is also 180 S.
One final remark has to be made. Marker experiments can be troubled by
facetting of the surface during ion-irradiation. If after the irradiation
the originally homogeneous Cu-surface layer has an appreciable spreading
in thickness, this spreading itself will give in the RBS measurement the
impression of mixing. We have calculated that an average sputtered layer
thickness of 120 A with a surface thickness inhomogeneity of ± 50%, gives
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rise to a decrease of the W-peak heights of ~16%. The contribution of this
effect in the real measured broadening gains relative importance when the
extent of the atomic displacements is limited, as in the case of the system Cu-W. Still the observed reduction in peak heights is significantly
larger than what can be accounted for by surface roughness.
In the model of Andersen [13] where the distribution of the displaced
atoms is derived from a diffusion equation and, more recently, the model
of Matteson [14], where the distribution is the result of many small displacements and is proportional to the energy deposited by the incident ion
in atomic displacements per unit depth, an originally thin buried layer
2
broadens under the influence of the ion bombardment with a variance, o ,
increasing linearly with time, i.e. dose. This is in good agreement with
the present observations. Yet, the observed shift of the W marker in depth
does not follow automatically from the above models. It may be associated
with the fact that the projected range of the Xe ions in the present experiment was larger than the depth of the W marker. So, an experiment as a
function of beam energy is suggested.
4.2. Comparison of laser and ion beam irradiation
The results on laser induced mixing presented here are in agreement with
Scod's general criteria for the formation of metastable solid solutions
[5]. For the Cu-Au system a threshold is observed which can be understood
by assuming that in order to mix thin films of Au and Cu one must at least
melt both. Once this has been achieved liquid phase diffusivity will ac-

- 59 count for their fast intermixing. Indeed, we can estimate the diffusion
coefficient, D, from the results of fig. 2 by putting the broadening of
the Au distribution, a, equal to v'ZDt. Taking for the melt duration, t,
a typical value of 100 ns one obtains, from the observed broadening of ~
400 A", a value for D equal to ~ 10" c m / s . This is consistent with published values of metallic liquid state diffusivities [9].
Although interdiffusion in the liquid state is fast and for Cu and Au
a number of equilibrium phases are known to exist, our results do not show
evidence for their formation. This may be understood by the very high
cooling rates involved in pulsed laser irradiation, thus suppressing nucleation and growth of equilibrium phases and allowing formation of metastable solid solutions. In view of this, structural analyses of the mixed
layers should be worthwhile.
The Cu-W system does not show laser mixing, which may be explained in
two ways. First, W has a very high melting point (3638 K) compared to Cu
(1356 K) or Au (1337 K ) . Therefore, it cannot be ruled out that at laser
energy densities for which Cu and Au melt, W is not melted and intermixing
with Cu will not occur. On the other hand, even if the W film is melted
one does not expect [5] Cu and W to mix because they are immiscible also
in the liquid phase. Whether the W film melts under the laser pulses used,
might be learned from calculations similar to those done recently for
semiconductors [10,11].
In contrast to the laser, our results show that ion beams can mix soluble as well as insoluble systems. In order to determine the mixing rate
we have analyzed our spectra as illustrated in fig. 11. Initially the thin
Au (or W) film gives a Gaussian profile due to the energy resolution of
our detection system. After irradiation this profile has changed due to
the formation of a C u x A u 1 x mixture. This does not lead to an ideal rectangular shape in the RBS spectrum, for the layer is not entirely uniform
over the total thickness mixed and the detector resolution causes further
broadening. The amount of Au-atoms moved, however, is determined by simply
integrating the shaded areas Qj and Q 2 in fig. 11 and subtracting the contribution due to the Xe implant (Q« = Qi + ( ?2~^Xe^' T*ie contribut'ion Qve
has been determined separately using pure Cu samples implanted to the same
dose. The number of Cu atoms moved can be determined by integrating the
area by which the initial dip in the Cu signal has been filled-in due to
ion bombardment (see Q c in fig. 11).
By defining the mixing rate in the above way we neglect stopping power
differences in the original and final structures. As we discussed in section 3.1, for the system under study such differences are smaller than W%.
Other sources of error in our way of defining the mixing rate are possible
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nonuniformities in the thin film structures before or after irradiation,
and a shift of the Au peak due to sputtering of the top Cu film. We estimate the total error due to these effects in the present work < 15%.
Despite these uncertainties a large difference in the mixing rate of
the two systems has been observed. In the case of 300 keV Xe ion bombardment of the Cu-Au-Cu sample at a total dose of 4.7x 10 cm" we found for
Q^ /Qj. = 12.4 Au atoms/Xe ion, and a comparable amount of Cu atoms has
been moved: Qr,,/Qy- = 17.2 Cu atoms/Xe ion. For the Cu-W-Cu system after
OU

Ae

Mr

bombardment with 1 x 10

«

cm~ the mixing rate f o r tungsten is 1.3 W

atoms/Xe ion. In this case Qru/Qxe ^s * 00s m a ^ t° be determined accurately from the changes in the small dip in the Cu parts of the spectra of
fig. 7. A rather similar difference has been found earlier for Kr bombardment [7] and has been shown to be attributable to a difference in the mixing mechanism. In the case of Cu-W only ballistic mixing is important
whereas for Cu-Au ion bombardment at room temperature leads to significant
radiation enhanced diffusion. Radiation enhanced diffusion refers to transport processes that are promoted by irradiation induced defects such as
vacancies, interstitials and complexes, over time seal ;s that are long
compared to the time a collision cascade is believed to die out (~ 10 s ) .
Since 300 keV Xe ions produce a rather high defect density throughout the

- 61 whole penetration depth of ~ 1000 A, radiation enhanced diffusion over
this depth is possible. If one assumes that radiation enhanced diffusion
occurs during the time the sample is subject to ion irradiation, which is
a matter of minutes, one may understand why a more or less uniform distribution of Au and Cu is observed over a thickness of ~ 700 A (fig. 5(b)).
In summary, completely different mechanisms are involved in laser and
ion beam mixing, but for both quenching takes place. In the case of laser
pulses quenching occurs from the liquid phase and immiscible systems cannot be mixed. In the case of ion beams ballistic mixing and/or radiation
enhanced diffusion are followed by quenching in the solid phase.
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1. Introduction
Ion beam mixing of layered solid systems has been the subject of increasing interest in the last five years. In general, the ion induced
broadening of e.g. an interface or a marker p~ofile, measured at temperatures where radiation enhanced diffusion effects are suppressed, is found
to be substantially larger than the one calculated by ballistic mixing
theories. Moreover, shifts of marker layers as a result of ion bombardment are still subject of debate [1]. Even though the ballistic effect
may in general not be dominating, it constitutes at least the first step
to be understood before any sufficient description of ion beam mixing can
be presented.
Several attempts have been undertaken to describe ballistic atomix mixing, based on analytical as well as Monte Carlo type calculations [2-7].
Littmark has presented an analytical approach of recoil mixing, based on
the balance equation for the number of particles entering and being knocked out of a unit volume at a certain depth [8-9]. This equation contains
a generation and a transport term for primary as well as cascade recoils.
Power potentials are used to describe the interactions of incident ions
with matrix atoms and interactions of matrix atoms with each other, where
the power constant is taken to be dependent on energy. In this model the
density of the target relaxes after an incremental dose d<p, in order to
smooth out over- and underdensities. This operation is schematically depicted in fig. 1. The upper part of the figure shows the total target density N, as a function of depth x, after a certain fluence d<j>. Atoms are
effectively relocated from the central region of the cascade, giving rise
to an underdensity at that location, and are deposited at the edges of the
cascade region where an overdensity is created. The relaxation to a constant density N. causes slices not only to expand or contract, but also
to shift, as can be seen in the lower part of fig. 1. Relative concentrations are not changed by this operation, so no additional mixing takes
place.
In the present paper we will apply this model [9] to study broadenings
and shifts of thin W layers in Cu upon energetic Xe ion bombardment. The
mixing in the system Cu-W is believed to be of a purely collisional type,
so theories of ballistic atomic mixing can be suitably tested on this system [10-11]. In ref. [12] we reported for the first time on ion induced
shifts and broadenings of thin W layers in Cu. 25 A thin W layers, buried
at a depth of 440 A in Cu, appeared to broaden to typically 100 A and to
shift over a few tens of A, in the direction of the substrate, upon a
5x 10 at/cm , 300 keV Xe ion bombardment. Now, according to ref. [9],
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the sign of the W layer shift will depend on the position of the cascade
with respect to the position of the marker, as can be seen from fig. 1.
This then suggests an experiment to measure the W layer shift as a function of Xe ion energy. When the cascade is located between the surface and
the marker, at relatively low energies, one should expect a shift of the
W layer towards the surface, whereas a shift in the opposite direction is
expected in case of higher Xe energies, where the cascade core is positioned at the substrate side of the marker.
In the present work we have measured ion irradiation induced broadenings and shifts of 25ftthin W layers in Cu, as a function of ion energy
and dose, and have compared these with theoretical predictions from the
cascade mixing model [9]. The consequences of the comparison will be discussed.
These shifts have already been interpreted in terms of bombardment induced clustering of the W layer [13]. The driving force for clustering was
suggested to be the immiscibility of Cu and W. We showed that RBS measurements were consistent with clustering of the 25 & thin w layer into spheroids of « 100 & radius. A test of this hypothesis has come out negative
however and will be discussed in a forthcoming paper [14].
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2. Experimental
In a UHV e-gun evaporation facility discrete Cu and W thin layers were
evaporated onto a 3" Si wafer. The sample structure is given schematically
in fig. 2. During evaporation the pressure was kept as low as 1 * 10~ 8 torr.
5
Si SUBSTRATE

2000A Cu

875A Cu

<-< 33OA Cu

2. ki e-vapoiaXzcl iample.
After evaporation the wafer was cut into slices of 10 x 10 m m . The deposited structures were then irradiated with energetic Xe 2 + ions. The
energies employed amounted to 100, 200, 300 and 400 keV, doses varied
15
2
7
from 1-9x 10 at/cm . The ion current density was « 0,1 pA/cm . The affective diameter of the circular Xe ion beam spot on the target was 5 m m ,
enabling RB5 ancilysis of the irradiated and not irradiated part of the
same 10 > 10 mm slice.
In order to study the compositional changes of the initial layered Cu-W
structure as a result of the irradiation, the samples were mounted in another vacuum chamber, connected with the 3.8 MeV Van de Graaff accelerator
of the University of Utrecht and RBS analysis was performed. In all measurements we used 2 MeV He ions at normal incidence and a scattering angle
of 165°. The energy resolution was as low as 14 keV. This was achieved by
cooling the surface barrier detector and the preamplifier directly coupled
to it to -20°C. No variations in deposited layer thickness could be detected over the area of the sample. We could detect variations in implanted
Xe dose over the beam spot, probing the Xe spot with a He ion beam spot
with a diameter of .5 mm during RBS. The Xe areal densities at a particular location on the Xe spot could be easily deduced from the RBS spectra
measured on that location.
The deep lying W layer, not affected by the ion beam, acts as a reference: since after implantation both W layers will shift towards higher

- 67 He energies in the RBS spectra due to sputtering of the top Cu layer, the
difference in separation of the two W layers before and after implantation
gives information on the net physical shift of the first layer with respect to the second one. In addition, surface roughening as a result of
ion irradiation causes both W peaks in the RBS spectra to broaden by practically the same amount; the measured broadening of the RBS peak of the
first W layer has to be corrected for this effect, which correction can
be deduced from the broadening of the RBS peak of the second W layer.

3. Results
Fig. 3 shows a typical 2 MeV He RBS spectrum of the employed Cu-W sample structure, before and after a 300 keV Xe irradiation with a dose of
15
2
5.7x 10 at/cm . Due to the large mass difference between Cu and W, even
the RBS signal from the deepest W marker is clearly separated from the Cu
edge. Fig 4 shows the part of the spectrum where the two W peaks are positioned. From the spectrum measured before irradiation, one can see that
the peak of the second W layer is lower and broader than the peak of the
first W layer due to Ke energy straggling. After irradiation, both peaks
have shifted towards higher He energies. The shift of the second marker,
caused only by sputtering, is indicative of a thinning of the originally
330 8 thick Cu layer on the surface to 260 8. In addition, one clearly
sees a broadening of the first W peak, as well as a slight broadening of
the second one. Finally, from the spectrum given in fig. 4, a small decrease of the distance between the two peaks due to irradiation might be
inferred. The signal measured in the RBS spectrum between the two W peaks
after irradiation is mainly due to the implanted Xe.
The procedure to deduce numbers for the shift and broadening of the
first W layer from the RBS spectra is as follows: on the irradiated ^art
of a sample, implanted with Xe ions of a specific energy and with a specific dose, RBS spectra are measured on three different spots. These spectra are then compared with spectra measured on not irradiated parts of
the same evaporated structure. From the spectra of the irradiated parts
of the sample the Xe signal is subtracted, making use of Xe implants with
the same energy and dose, performed on layers only containing Cu. Gaussians are fitted to the measured W peaks. The same is done for the as evaporated structures. The fitting procedure yields numbers for the position
and the FWHM of the W peaks.
As far as the peak broadening is concerned, the change in the FWHM of
the peak of the first W layer after irradiation has to be corrected for
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the broadening found in the signal from the second W layer. Thus we get
for the change in FWHM, expressed in keV,
(,

Fig. 5 shows (A(FUHM)p 2 as a function of ion dose, for 300 and 400 keV
Xe. The conversion into $r is obtained by dividing A(FWHM)., expressed in
u
keV, by [So l,,
w , being the energy loss factor for stopping in Cu and scattering from W, in the surface energy approximation. The solid line gives
the result of the calculations [9] for the case of 300 keV Xe. The measured broadenings are a factor 2 to 3 higher than the ones calculated.
The separation of the two W peaks is found by subtracting the corresponding peak positions and the change in the peak separation is found by
subtracting the separations after and before irradiation. The measured
peak separation after irradiation has to be corrected for the extra stopping of He suffered by the introduction of Xe in between the two H layers.
Since the shifts are measured with respect to a deep lying unaffected W
layer, they are defined ag tive when t!.,j distance decreases. Therefore
the extra energy lost by a He ion due to the introduction of Xe has to be
subtracted from the as measured change in peak separation. For the effective change in peak separation, expressed in keV, we can write
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where AE**"! is the difference in peak separation after and before the imSep
y
plantation, (Nt) X e is the areal density of the implanted Xe, teJu

is the

stopping cross section factor for stopping in Xe and scattering from W,
in the surface energy approximation, and a is a factor indicating the fraction of the total amount of implanted Xe that is positioned between the
two W layers. The amount of Xe present between the two W layers after the
irradiation obviously depends on the Xe energy and dose. The numbers for
a for the different energies employed are inferred from Xe range calculations performed by Ziegler et al. [15], which appeared to be within 10% in
agreement with ranges calculated using the Winterbon tables [16]. The resulting numbers for a are .05 (100 keV Xe), .35 (200 keV Xe), .8 (300 keV
Xe) and .9 (400 keV Xe).
Figs. 6(a-d) give the measured and calculated shifts in A for the various Xe energies, as a function of Xe ion dose. The conversion into depth
is again obtained by dividing A E „ „ from equation (2) by [SI,, . Generally
sep
o w
the calculated shifts are in the same order of magnitude as the ones measured experimentally. We have good agreement between theory and experiment
in the case of 300 and 400 keV Xe, but for the 100 keV Xe irradiations experimentally determined shifts are always negative whereas a slight positive shift is predicted over the applied dose region. The case of 200 keV
Xe is somewhat intermediate and agreement is clearly worse than at the
higher Xe energies.

4. Discussion
The behaviour of the experimentally determined broadening, A(FWHM).,
of the 25 S thin W layer, as a function of ion dose is much closer to a
square root than to a linear dependence, as can be depicted from fig. 5.
This is consistent with the theoretical prediction. In addition, the calculated magnitude of the broadening is, though a factor of 2 to 3 too low,
in the same order as the one obtained from the experiment. This agreement
is fairly good, taking into account the uncertainties involved in the analytical calculations. It has been stated for example that a factor 2 to 5
difference in recoil ranges is easily obtained by changing the strength of
the power potentials used in the primary recoil spectrum [9].
As far as the shift of the W layer is concerned, the theoretical model
predicts that the direction of the shift depends on the position of the W
layer with respect to the collision cascade. If the F D function, the depo-
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- 73 sited energy in nuclear collisions per ion per unit depth, has a positive
gradient at the location of the W layer, then there is a net transport of
matrix atoms through the W layer towards the surface, effectively shifting
the U layer inward. This is the case for 300 and 400 keV Xe bombardment of
Cu and this can indeed be seen in the calculated dose dependence of the
shift in figs. 6(c) and 6(d). In the case of 100 keV Xe on Cu, however,
the gradient of Fp at the position of the W layer is negative and accordingly an effective shift of the W layer towards the surface is expected.
Though these positive shifts are small in fig. 6(a), there is a significant difference between experiment and theory for doses higher than 6 * 10
at/cm . For 200 keV Xe on Cu, there is initially a negative F„ gradient at
the W layer depth but as the top Cu layer is eroded the sign of the gradient changes. Consequently the shift will be positive for low doses and
gradually change its sign, as can be inferred from fig. 6(b). The positive
shifts, however, are so small that they cannot be measured with enough accuracy. To the contrary, we observed the same trend as for the other energies: the shift is negative over the whole dose range and increases with
dose.
The shape of the W profiles in our measurements essentially remain Gaussian. The Gaussian shape of the as deposited profile obviously is determined by the detector function. After irradiation any significant asymmetry could not be detected over the applied dose range. This supports the
idea that high energy knock-on effects are of minor importance in this
system, since these would result in strongly asymmetric profiles. Therefore we believe that the mixing is governed by low energy cascade events.
A preferential movement inward of the heavier species is observed, regardless of the position of the cascade with respect to the W layer. The latter conflicts with the prediction of the cascade mixing model, for the
sign of the shift of the W layer does not seem to be determined by the
gradient of F Q at the location of that layer.
The above assumes that ballistic effects only determine the ion induced
mixing of Cu and W. A better understanding of the basic mechanisms and the
role of chemical effects in these ion beam mixing experiments will be obtained by investigating similar thin layer and marker structures of Cu-Ta
and Cu-Au, which are ballistically almost identical but different from a
thermodynamic point of view. This will be done in a forthcoming paper [14].
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1. Introduction
If energetic ions pass through the interface of two layers of atoms A
and B, the originally discrete concentration profile will change and intermixing of the two species will occur. In general, more than one mechanism
is operating in a particular system and many factors determine the extent
of atomic mixing such as chemical affinity of the two elements [1], ion
dose [2], ion mass and energy [3] and substrate temperature during irradiation [4].
In earlier work [1,2,5] we have shown that the mixing efficiency in the
system Cu-Au under irradiation of energetic Kr and Xe ions at RT is one
order of magnitude larger than in the system Cu-W. This is of interest
since from a collisional point of view the systems are almost identical,
but thermodynamically they are not, since Cu-Au are miscible, contrary to
Cu-W, which are completely immiscible, even in the liquid phase. The mixing in the system Cu-Au was attributed to radiation enhanced diffusion,
whereas only ballistic mixing was believed to play a role in the Cu-W
case.
In order to study more extensively the mixing mechanism in the system
Cu-W, thin marker layers of W embedded in a Cu matrix were irradiated with
Xe ions with energies from 100-400 keV. These studies revealed an increase
of the variance of the W peak linearly with ion dose, associated with a
shift of the W marker inward, at all energies used [6], Similar shifts,
e.g. in the direction of the substrate, are reported by Paine et al. [7]
for Pt markers in Si, irradiated with Ar and Xe ions.
Theoretical work on marker shifts under ion bombardment reveals rather
contradictory results. Sigmund and Gra Marti [8,9] predict a heavy atom
marker in a lighter substrate to shift towards the surface due to greater
associated recoil implantation ranges of light matrix atoms past the impurity layer. Contrary to this, Roush et al. [10] calculate that, in cases
where mass effects dominate, although lighter recoils have larger ranges,
the average projection in the inward direction is larger for the heavier
element. Littmark [6] calculated W marker shifts in Cu and concluded, depending on whether most of the damage was produced at the surface side or
the substrate side of the marker, the marker would shift towards the surface or into the substrate. This is not in agreement with our observations,
where the W marker shifts inwards, independent of the Xe energy employed.
In the present paper we firstly report on measurements of shifts and
broadenings of RBS peaks of W markers in Cu caused by Xe ion irradiation.
These are basically reproductions of earlier measurements. Then we propose
a new way to account for the shift of the W marker.

- 77 This idea deals with clustering of the W marker under ion bombardment
rather than mixing of W atoms with Cu. Due to the ion impact a cascade of
collisions is initiated and calculations of the energy density of certain
subcascades at the depth of the marker show that this density might become
so high as to enable the uniform W layer to spheroidice. This clustering
of the marker is probably more likely than mixing, since the Cu-W system
is completely immiscible.
In RBS, a He ion backscattered from a W atom in a cluster at a certain
depth will have lost more energy than when it is backscattered at the
same depth in the original marker. This is due to the fact that compared
to the initial layer, the He ion in the spheroid case has a longer trajectory in W, which has a higher stopping power than Cu. So clustering of the
W marker into spheroids causes the W peak in RBS spectra to shift towards
lower energies, thereby giving the impression of marker movement inward,
even though the centroid of the W clusters remains at the same location
as the original W marker in the Cu matrix. In a simple model, where the
W layer is assumed to ball-up into spheroids of radius r, the resulting W
peak broadening and shift is calculated as a function of r. From the experimentally found shifts and broadenings, a value for r is deduced.

2, Experimental procedure
Marker structures of W embedded in a Cu matrix were evaporated on a Si
substrate using e-gun evaporation. This was done in a recently b u i l t UHV
chamber, where evaporation and subsequent i r r a d i a t i o n of targets can be
done in s i t u [ 1 1 ] . We evaporated a structure of 400flCu - 22 A W - 1265X Cu 23 A W - 250 ft Cu with the f i n a l 250 S Cu layer on top. During evaporation
the pressure was kept at 7x io~

Torr.

One sample was irradiated with 460 keV Xe + ions, with a dose of 7x 10
2
at/cm . At t h i s incident Xe energy the mean damage depth l i e s at roughly
400 8, the mean range at roughly 550 ft. During i r r a d i a t i o n the ion beam is
swapt e l e c t r o s t a t i c a l l y over the target, in order to achieve homogeneous

2
implantations. The ion current was as low as 0.1 uA/cm . Half of the evaporated structure was shielded against the ion beam. This facilitated the
comparison of RBS spectra measured on irradiated and not irradiated parts
of the same evaporated sample. No variations in deposited layer thickness
o

could be detected over the sample area (7x11 mm ) .
The deep lying marker acts as a reference layer: since both markers after implantation shift towards higher energies in RBS spectra due to sputtering of the top Cu layer by the same amount, the "real" shift of the

- 78 first marker can be obtained by measuring the distance between the two
markers before and after irradiation,thereby eliminating the effect of
Cu sputtering.
A change in the first marker due to ion irradiation as proposed above,
could in principle influence the RBS spectrum of the second marker. Therefore a sample structure consisting of 4 0 0 A C u - 2 3 $ W - 1410 A Cu was depo15
2
sited on a Si substrate and similarly implanted with 7x 10 Xe at/cm .
Finally a 1500 A thick Cu layer was deposited on Si and subsequently irradiated in order to measure the Xe implantation profile.
The samples were analyzed by RBS using 2 MeV He ions at normal incidence and a scattering angle of 165°.

3. Results
Fig. 1 shows 2 MeV He RBS spectra taken on a Si-Cu-w-Cu-w-Cu structure
before and after irradiation with 460 keV X e 2 + with dose 7x 10 1 5 at/cm2.
Fig. 2 shows an enlargement of the W part of the spectra in fig. 1. For
the implanted case, a spectrum from with the Xe signal is subtracted is
shown in addition.
The W signal of the deep marker in the unimplanted case is lower and
broader than the signal from the first marker due to energy straggling.
After irradiation both peaks shift towards higher energies due to sputtering of the Cu surface. The originally 250 A thick Cu layer is thinned to
185 A. From the Xe corrected spectrum of the implanted sample one can see
that, although Xe ions do not reach the second marker, its signal is
broadened due to the irradiation. This can be seen in more detail in fig.
3, showing the broadening of the w signal of a single deep lying marker.
If the broadening of the second marker is due to surface facetting of the
Cu surface alone, then a surface roughness in the order of 50 ft accounts
for the observed peak broadening.
The analysis procedure, in order to obtain numbers for the shift and
broadening of the first w marker signal, is then as follows: from three
RBS spectra on three different spots on a Xe irradiated sample, the Xe
signal is subtracted and Gaussian curves are fitted to the measured W
peaks. The same is done for two RBS spectra on a not irradiated sample.
The fitting yields numbers for the W peak position and its FWHM. The separation of the two w peaks is found by simply subtracting the peak positions and its change due to irradiation by subgracting the separation after and before irradiation. The number obtained, AE° J \ has to be corrected for the additional stopping of the He ions in the Xe atoms present
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between the two markers after implantation. From fig. 4, the measured Xe
implantation profile, one can see that beyond 185 & from the surface, which
is the position of the first W marker after irradiation, 95?» of the implanted Xe is found. Thus the correction equals
sep

0.95(Nt) X e [c o ]-

where ( N t L is the areal density of the implanted Xe ions and [e ] * e is
the stopping cross section factor in the surface energy approximation for
backscattering from W and stopping in Xe.
This number has to be subtracted from the difference in marker separation after and before irradiation, yielding the total shift in ketf

ScJ\f •

(2)

The value for the FWHM of the first marker after irradiation, (FWHM)
1,irr'
has to be unfolded with the system resolution, (FWHM) , and corrected
for the broadening found in the second marker. Thus
(3)
In table 1 the results for (AE)
are tabulated for
cQn and (FWHM) corr
'sep " " "
"•'•'••'1,irr
the t h r e e measurements on an implanted sample. (FWHM)
is equal to 15
Xl

keV.

res

The 6% error in the dose, despite the beam scanning, is due to the fact
that one has to subtract two large peak areas, containing the two W peaks,

- 81 to obtain the area of the signal due to Xe. How the values of (AE) and
corr
£"P
(FWHM). . are interpreted will be explained in the next section.
TABLE 1
Values of (AE)C and ( F W H M ) " ^ r for
three measurements on an implanted sample
<Nt>Xe
(at/cmz)
15
7 •05(±0 .42) x i O
6 .64(±0 .4 ) x10 1 5
15
7 .37(±0 .44) x i O

se
(keV)

(keV)

1.83

15 .3

1.40
1.59

15 .2

14 .7

4. Discussion
Marker layer configurations are often used to study the basic aspects
of ion beam mixing. Broadenings of markers under ion irradiation generally can be explained by theories of cascade mixing. Marker shifts however
are not at all easily understood on the basis of collisional theory.
In order to explain the observed shifts of RBS peaks from W markers in
Cu, we assume for the moment that a uniform layer of W with initial thickness d balls-up as a consequence of Xe ion bombardment to form spheroids
with radius r. We also assume that the centroid of these spheroids is located at the same position as the original homogeneous layer centroid. We
thus deal with homogeneous W spheroids embedded in a homogeneous Cu matrix. This situation is sketched in fig. 5.
In order to understand how
the W peak in the 2 MeV He
RBS spectrum is influenced,
Cu
SURFACE
when particles are backscattered from such a spheroid,
we have to find an expression
for the number of W particles
per unit area that contribute
to the same backscattered He
ion energy E^.
For simplicity, we assume
that He ions are detected at
Fig,'J.SpkeAoidal WcXai-teA in a CamvOUx.
180°, that the energy loss

- 82 dE/dx along the inward and outward path is constant in Cu as well as in
W, and that the ratio (A/B) of the energy loss A in tungsten and the energy loss B in copper is the same for the inward and outward path. These
assumptions concerning the energy loss are valid within 5%.
Consider a He particle impinging on the W spheroid perpendicular to
plane V along the axis of the spheroid (fig. 5 ) . Consider another He particle impinging parallel to the former, but at a perpendicular distance a
from it. If particles after backscattering have the same energy at plane
V, they will be detected with the same energy E., since those particles
lose equal amounts of energy passing through the top Cu layer. If the He
ion coming in along the axis of the spheroid is backscattered at a depth
I, I being measured from the plane V and increasing in the substrate direction, all particles backscattered from a surface that intersects the
main sphere at distance £A/B from V will be detected with the same energy.
The yield at this particular energy will be proportional to the differential volume spanned by the dashed surfaces in fig. 5 at £ and i + dl. This
volume equals S(£) =na d£ where
for

(4)

and
(5)

For the total backscattering yield one can write [12]
H = Qfia(E)S(£)NA£ ,

(6)

where o(E) is the Rutherford scattering cross section, Q is the particle
flux, fi the solid angle of detection and A? is the width corresponding to
one channel. Since we may assume a to be constant over the thickness of
the spheroids the functional dependence of H is given by SC-P).
In fig. 6 a plot is given of
a (i)~SU). One can see that the
maximum of this curve is not found
at I = r but at lower £ values. This
means that the maximum of the RBS
W peak of a W spheroid corresponds
to backscattering from W atoms positioned closer to the surface than
the centroid position of the sphere.
From fig. 6 one finds that the position halfway the FWHM of the
F-tg.6. o cu, a function o{, I.
a2U) curve is found at l^ =0.95.
10
II in units of

r)

- 83 The resulting shift of 0.05r of a RBS W peak is due to the spherical
shape of the tungsten cluster. In addition, one should compare the spheroid situation with the uniform layer (fig. 7), as far as the energy loss
of a He ion in going from V to the centroid C is concerned.
In the spheroid the He ion, scattered from the center, loses energy only in W over a distance r, whereas in the uniform layer case the stopping
is less over a distance r-d/2. The r-d/2 thick layer in Cu corresponds
to a (r-d/2)/ (A/B) thick layer in W and the center of the uniform layer
is found at (in fractions of r)

- r -d/g,d 1

(7)
2'(A/6)r 1 r
The shift of the first W marker is measured with respect to the second
marker. One can calculate that, if clustering of the first marker does indeed take place, already at cluster radii of 75 A only 20% of the ions will
pass through a cluster. This will shift the second marker towards higher
energies over an amount, again in fractions of r

With A/B= 1.164 we find for the total shift
s l
e +AP
a - , - t-2 + at 3

0.1058 r +0.082 d
1.164 r
'

(9)
p

From the a (I) curve in fig. 7
the (FWHM) of the W peak as funcoriginal W layer wilh thickness d
tion of r can be found as 1.42r.
Thus by unfolding a measured W
peak after irradiation for the
Gaussian resolution of the detection system, one can find a value
for the spheroid radijs r. This,
W spheroid
in combination with (9), gives us
two independent ways of determining the spheroid radius r. Results for three measurements on
7. Covuutfixm jjer/t itopplng poweA
an irradiated sample, as given in
table 1, are listed in table 2.
The measurements of the repo*•.. d shifts, amounting to roughly 1.5 keV,
require a high stability of the surface barrier detector and electronics.
The error in the W peak position measurement was kept as low as 0.3 keV
by using a 15 keV resolution surfrce barrier detector, directly coupled
to a preamplifier, both temperature stabilized at 20°C. In addition, ac-

TABLE 2

r(frombr) r (from shift)

(at/cm?)
7.05(±0 .42) x 1 0 1 5
6 .64(±0 .4 ) x i O 1 5
7 .37(±0 .44) x 1 0 1 5

(A)
83 (±20)
80 (±20)
82(±20)

(A)
137(±34)
100(±25)
116(±29)

curate knowledge of the implanted Xe dose is required, in order to determine the real separation of the tro W peaks, as can be seen from eq.(2).
As has been mentioned already, the error in the Xe dose amounts to 6%.
As far as the broadening is concerned, we believe that the Gaussian
subtraction carried out in (3) is good within 15%. Consequently, a possible error of 25% for the reported values of the sphere radii seems to
be on the safe side.
The sphere radii given in table 2 have to be considered as averages,
since in reality one will deal with a distribution of radii. The main message of the present work, however, is that clustering of the W marker under ion irradiation induces a shift of the RBS W peak towards lower energies, consistent with what is found experimentally. This shift is due to
the extra stopping of the He ions, suffered in the part of the W cluster,
positioned on either side of the original marker layer. Attempts will be
made to directly observe the clusters. STEM combined with EDAX and preferential etching with subsequent SEM seem good candidates.
One could test the idea of clustering by varying the marker layer thickness. Thinner markers should give rise to smaller clusters and consequently give rise to smaller shifts. Preliminary measurements on thinner marker
layers show that this is not the case: shifts towards the substrate three
times as large as the ones reported in the present paper have been found
for a 4 A W marker. So at least in the latter case an additional mechanism
is playing a role.
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Ion beam mixing of thin W, Ta and Au films in Cu
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1, Introduction
Though a lot of information on ion beam induced intermixing of layered solid systems has been gathered over het last few years, understanding
of the basic mechanisms is still far from complete. Ballistic atomic mixing [1] and radiation enhanced diffusion [2] have been recognized to contribute to the phenomenon. In addition, spike effects are believed to
play a role, when heavy ion- and target masses are involved [3]. The relative importance o~, each of these mechanisms is determined by the kinematics
of the ion-target interactions, substrate temperature and thermodynamic
driving forces of the atomic species involved.
Thin film structures, consisting of a few %. thick impurity layer embedded in an otherwise homogeneous medium, are very suitable for studying the basic aspects of ion beam mixing. In earlier work we have shown
that 25 A thin layers of W in Cu not only broaden but they also appear to
shift inward as a result of energetic Xe ion bombardment [4], A comparison
with analytical calculations performed by Littmark revealed qualitative
agreement between measured and calculated shifts only at high energies,
where most of the damage was deposited at the substrate side of the W
layer. The measured broadening was a factor Z higher than the one calculated [5], Another attempt to account for the broadenings and shifts was
undertaken by assuming the W layer to spheroidice under influence of the
ion irradiation. It was shown that clustering of an initially 25 X thick
W layer to spheroids of «100 A radius would account for the shifts and
broadenings measured with RBS, even if the centroids of those clusters
would be located at the same position in the matrix as the original U
layer [6]. If clustering is the only mechanism causing the shift, then,
since thinner initial W layers are expected to give rise to smaller clusters,
they should give rise to smaller shifts [6]. Therefore, to test the hypothesis, we have measured the bombardment in.uced shift as a function of
the initial W layer thickness. In addition, X-TEM analysis has been perfornrad on as-evaporated and irradiated samples to sLudy the morphological
and structural changes of the W layers as a result of ion irradiation.
Recently, in an effort to provide a better picture "f the role of chemical effects in ion beam mixing, Cheng et al. [7], have correlated the
extent of ion beam mixing in metallic bilayers with the heat of formation
AH of the correspoi. "ng binary alloys at 1-1 composition. They selected
metal pairs that were expected to behave similarly from a collisional point
of view but that spanned a wide range of AH values. A relationship between
the extent of mixing and AH was indeed observed. This result was explained
in terms of a model based on a chemically biased random walk process. They

- 89 concluded that the majority of mixing proceeds when the particle energies
are at the order of 1 eV, which situation prevails at the later stages
of the cascade.
To establish the role of chemical driving forces in the system Cu-W,
we have performed an experiment analogous to [7]. We have compared the
extent of ion beam mixing in the systems Cu-W, Cu-Ta and Cu-Au. On basis
of purely ballistic arguments these systems are expected to show practically the same behaviour upon ion bombardment, since W, Ta and Au are
positioned very close to each other in the periodic system. The heats
of formation (at the 1-1 composition) of these systems, however, are
different: +24 kJ/mole for Cu-W, 0 kJ/mole for Cu-Ta and -10 kJ/mole in
the case of Cu-Au [8].
From earlier work [9] it is known that at room temperature ion beam
mixing effects in the system Cu-Au are largely due to radiation enhanced
diffusion beyond the cascade life time. These delayed effects can be
suppressed by lowering substrate temperature during ion irradiation [9].
Therefore, to distinguish between mixing effects occurring during or
after the cascade life time, we have performed ion irradiations of thin
film Cu-Au-Cu and Cu-W-Cu structures at room temperature and at 10 K
substrate temperature.
Having frozen down all atomic motion after the cascade has died out,
one may wonder whether the atoms displacements scale with F n , the
j

energy deposited in the solid per ion per unit depth. Averback has shown
that ion beam mixing of Pt-Si bilayers at low substrate temperature depends superlinearly on F Q , suggesting a collective motion or "spike" [31.
Therefore we have performed irradiations with both Ke and Xe ions of
Cu-Au-Cu and Cu-W-Cu structures at 10 K.
In the present paper (i) we describe measurements of thin W film
broadenings and shifts in Cu as a function of initial film thickness
(ii) an attempt is made to correlate ion beam mixing effects of thin
Au, Ta and W films in Cu with the corresponding heat of formations by
performing irradiations at room temperature and at 10 K and (iii)
measurements of the effect of cascade energy density on the extent of
W and Au thin film mixing with Cu are discussed.

2. Experimental
Layer structures of W, Ta and Au in Cu were evaporated onto Si substrates using an e-gun evaporator. Two films of every element were depo.ited in the Cu matrix, in a l l samples at («300 and =«1600 A depth respectively. This was done in a UHV-apparatus» where samples can be prepa-

- 90 red and subsequently irradiated with energetic heavy ions. Details on
the sample preparation and ion irradiation can be found in an earlier
paper [6].
The irradiations at 10 K were carried out at a low T stage of the
Harwell 200 kaV implantation facility. Coupled to this accelerator is
a vacuum chamber supplied with a liquid He cryostat. Also in this case
the ion beam is electrostatically swept over the sample a;ea. Ion
2
?
currents were 1 JJA/CID for the Xe irradiations and 2.5 uA/cm in case
of the Ne implants.
After irradiation 2 MeV RBS analysis was performed at RT on virgin
and implanted parts of the same evaporated structure. In all analyses
He ions impinged along the surface normal and were detected at a scattering angle of 165°. Cooling the surface barrier detector, as well as
the preamplifier directly coupled to it, to -20°C enabled RBS analysis
to be performed with 12 keV energy resolution for 2 MeV He ions.
The deep lying film, not reached by the heavy ion beam, acts as a
reference: the thinning of the surface layer of Cu due to sputtering
gives rise to an equal shift of the RBS signals of both films towards
higher He energies, whereas ion induced facetting of the Cu surface
induces an equal broadening of both RBS peaks. The net shift and broadening of the shallow film, induced by atomic rearrangements, can then
be found by correcting the measured broadening and shift of the first
film, for the same quantities found in the signal of the second one.
How the numbers for the broadening and shift of the first film are
obtained is extensively described in ref, [6].

3. Results
3.1

Layer thickness variation

If ion induced clustering of thin W films in Cu, as reported in [6],
is the only effect responsible for the inward shifts measured with RBS,
then, since thinner W films are expected to give rise to smaller clusters, they will also give rise to smaller shifts. In order to test the
hypothesis of clustering upon ion irradiation of the W film in Cu, we
have measured the broadening as well as the shift of the W films as a
function of their initial thicknesses. We have prepared W structures
O

in Cu with layer thicknesses ranging from 1 up to 36 A. The samples were
implanted with 460 keV )[•> ions at doser varying from 5-7 x 1015 at/cm 2 .
The irradiations were performed at room temperature. As an example, f i g .
1 shows 2 MeV RBS spectra of the as-evaporated and irradiated part of
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- 92 4.3 A thick W films embedded in Cu. Only the parts of the spectra where
the two W peaks are positioned are shown. The signal measured in between
the two W peaks in the spectrum of the irradiated part is mainly due to
implanted Xe. In addition, we show a spectrum from which the Xe signal
is subtracted. The subtracted RBS spectrum was measured on a pure Cu
target implanted with Xe ions of the same energy and with the same dose.
In fig. 1 one clearly sees a broadening of the first W layer after
implantation. In addition, a shift of the signal of the first layer towards that of the second one can be inferred. The signal from the deeper
W layer shifts towards higher energies due to sputtering of the top Cu
layer: from the magnitude of that shift we conclude that 60 & of the top
Cu layer has been sputtered away. The energy shift of the first peak,
however, is much less. So the difference in energy between the positions
of the two W signals clearly is less after irradiation than before.
Fig. 2 shows the broadening of the first W layer as a function of the
initial W layer thickness. By convention, the broadening is represented
by Dt/<J)FD. In this expression, Dt is proportional to the increase of the
variance of the Gaussian profiles, fitted to the RBS signals of the asevaporated and irradiated W films [5], F„ is the energy deposited in
nuclear stopping per ion per unit depth at the depth of the W layer, $
is the Xe dose. In fig. 2 one clearly sees that the thin film broadening
becomes larger for smaller initial layer thicknesses. The broadenings
presented in fig. 2 are indicative of a Gaussian depth distribution of
W atoms with a FWHM varying from 100 A* for 40 A" initial W film thickness
to 200 A for the smallest initial film thicknesses.
In fig. 3 the corresponding W shifts are given, again as a function
of layer thickness. First the measured shifts in keV have been corrected
for the extra stopping the He ions suffer due to implanted Xe between
the two W layers. Then the shifts are converted into depth by dividing
[S ]yU , the energy loss factor in the surface energy approximation for
scattering from W and stopping in Cu [6], In all cases the distance
between the two W layers decreases. In contrast to the expectation based
on W clustering, the shift increases for decreasing W layer thickness.
For an initial W layer thickness of 20-40 A the shift is only «10 &, but
for smaller thicknesses the shift increases to 40 8.

3.2 Chemical effects
In an attempt to better understand the role of thermodynamic driving
forces during ion beam mixing3 we have compared broadenings and shifts
of W thin films in Cu with those of thin Ta and Au layers. We have pre-

- 93 pared samples containing thin Ta and Au layers in Cu. In order to fairly compare the broadenings and shifts for these two species with those
for W, we have evaporated samples containing films with approximately
the same thickness (4-6 ft). Xe ion energy was again 460 keV. The Au
layer was irradiated with 5.4 x 10 at/cm, the dose in the Ta case
IE

O

was 4.4 x 10 at/cm. Fig. 4 shows part of 2 MeV RBS spectra measured
on virgin and implanted areas of the sample containing Au. In addition,
a spectrum from which the signal due to implanted Xe was subtracted,
is shown. As in the W case, the distance between the first and the second layer gets less upon irradiation. A similar shift was observed
for the Ta film. Table 1 shows the shifts measured for the three different thin film species, 'faking into account an experimental uncertainty
of ±20%, the measured shifts are identical for the three systems.
TABLE 1

Shift (fl)

w

-40

Ta

-50

Au

-47

Contrary to the layer shifts, a clear correlation between film
broadening and heat of formation AH has been observed. The FWHM
of the Gaussian Au profile in Cu after irradiation at room temperature
amounts to 350 8. For the Ta film this value is 250 A, whereas for W
only a broadening to a FWHM of 175 A has been observed. This correlates
with the heats of mixing, for the AuCu systems AH is -10 kJ/mole, for
TaCu it is zero whereas for WCu a positive value of +24 kJ/mole is calculated. In fig. 5 we have plotted the mixing parameter Dt/<t>FD as
function of AH for room temperature a.= ^ell as 10 K irradiations with
Xe ions and Ne ions. In general the mixing increases with the chemical
driving force in the three systems.

3.3

Influence of substrate temperature

Samples were cut from the same Au and W containing structures as
mentioned in section 3.2. These samples were implanted with 400 keV
Xe ions at a substrate temperature of 10 K. The ion dose for both
samples amounted to 5.5 x 10 15 at/cm 2 . The ion induced broadenings
found for these layer structures are given in fig. 5. These numbers
are to be compared with corresponding results for irradiations at room
temperature. One sees that the Au mixing parameter decreases
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- 95 dramatically by reducing the substrate temperature to 10 K, whereas
no effect of temperature in the case of W is observed. Note that at 10
K, where delayed effects are believed to be suppressed, the mixing
parameter for Au is still more than twice the one for W.
The shift of the W film irradiated by Xe at 10 K is identical to
the measured shift at room temperature.

3.4

Influence of deposited energy density

Samples cut from the same evaporated structures as those mentioned
Ifi
?
in section 3.2 were implanted with 4 x 10

at/cm , 65 KeV Ne ions.

These irradiations were also performed at a substrate temperature of
10 K. The Ne ion energy was chosen such that the mean damage depth
should equal that of 400 keV Xe in Cu, as determined using the Winterbon tables [10]. The measured Au and W mixing parameters for Ne are
also given in Fig. 5. Dt/<j>FD for Au is a factor of two larger than the
one for W but for both thin film species mixing with Ne ions appears
to be less efficient by a factor of two than with Xe ions.

4. Discussion and conclusions
4.1

Layer thickness variation

The observed increase of the shift of the W layer for smaller initial
thickness is clearly inconsistent with expectations based on the earlier
proposed model of ion induced clustering of W [6]. If clustering would
be the only effect responsible for the shift, cluster radii of some
o

hundred A would be needed to account for the large shifts measured for
initial Wfilm thicknesses less than 10 A" (see fig. 3) [6]. This cluster
size is unrealistic since its formation demands lateral transport of W
atoms over distances much larger than the estimated size of a collision
cascade of the order of 100 A. In addition, the shift shows the wrong
thickness dependence. So, although the present result does not disprove
the presence of clusters, it shows that in our experiments, in case of
layer

thicknesses less than «10 A, clustering can not be the only me-

chanism giving rise to a shift of the W RBS peak.
Since in RBS information about lateral compositional variation within
the dimension of the analyzing beam spot cannot be uniquely derived from
the spectra, X-TEM was used as a complementary tool. For this purpose an
undeep 6 S and a deep 30 A W film were evaporated and irradiated (400 keV
Xe, 6x10

at/cm 2 , RT and 10 K ) . The thicker deep film facilitated shift
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Fig. 6a shows a X-TEM picture of the as-evaporated layer structure.
One clearly identifies the first W layer, being a closed film separating
the 290 A" Cu layer on top from the Cu layer underneath. Fig. 6b shows
the same evaporated structure after implantation at 10 K. The originally
closed W layer is broken up into many small clusters with a diameter
of 10 to 50 A, distributed over a thickness of 150-200 K. This latter
number is in excellent agreement with the broadening found by RBS. Most
intriguing, however, is the decrease in distance between the W layers
as a result of the ion irradiation. We have measured the distance of the
clusters to the deeper W film at thirty different locations on the picture shown in fig. 6b. The separation of the W films before irradiation
was measured from fig. 6a. We found this separation to decrease from
1282 to 1252 &. This inward shift of 30 & is in good agreement with an
inward shift of 37 A", as measured with 2 MeV RBS.
It thus appears that the inward shift of a W film in a Cu matrix
as a result of Xe ion bombardment is a real physical effect. It suggests
that within a collision cascade of atoms with different masses, the heavier ones are preferentially transported in the direction of the incoming
ions. This latter effect is in agreement with predictions made by Roush
et al. [11], who calculated an ion bombardment induced preferential relocation inward of the heavier atoms in cases where mass effects were
expected to be dominant. We believe that the shift is due to a small
preferential movement of W atoms inward within each individual cascade,
giving rise to a total shift of «35 A for a dose of 6.5x10 15 at/cm 2 .
For this Xe dose each W atom has been incorporated within a cascade
some hundred times. Direct recoil implantation of W atoms in Cu over
35 A is far less efficient: 15 keV has to be transferred to a W atom
in a single collision to enable the W atom to move some 35 A inward
in the Cu matrix. It is estimated that for a W film areal density of
10 at/cm only «10 W at/cm will be directly relocated over this
distance. Moreover, from the RBS data, we conclude that the peak of
the profile of the W atoms shifts inward, thereby retaining its more
or less symmetric shape. This conflicts with the skewed shape of primary recoil spectra, all tending to be weighted heavily to low energies
[12].
The decrease of the W film broadening with increasing initial film
thickness (see fig. 2) and the decrease of the shift with increasing
initial film thickness (see fig. 3) can be understood by a more efficient energy sharing of a W atom recoiling with atoms of equal mass
as compared to colliding with the lighter Cu atoms. For smaller initial
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- 98 film thicknesses a W atom on the average will recoil more frequently
with Cu atoms, leading to larger average ranges of the W atoms and
consequently to larger broadenings and shifts.
Two other interesting features are observed in fig. 6. First. W
precipitates in Cu under ion irradiation, in agreement with recent
observations by Nastasi et al. [13]. Second, the top layer of Cu atoms
after ion irradiation has been regrown epitaxially to the underlying
Cu layer. Once the W film is broken up sufficiently the underlying
crystalline Cu layer acts as a seed during irradiation induced regrowth
of Cu, while the clusters are incorporated within the grains. The nature
of the clusters will be discussed in the next section.
4.2

Chemical effects

Fig. 5 shows differences in broadening, induced by irradiation of
Au, Ta and W films in Cu. The corresponding shifts, however, given in
table 1, are equal, regarding the quoted experimental uncertainty of
20%. These results aid in a better understanding of some fundamental
aspects of ion beam mixing.
Molecular dynamic simulations [14,15] are generally expected to
supply us with the most comprehensive picture of what actually takes
place during ion beam mixing. The basic results of simulations done
so far on single component targets reveal (1) the division of the energy of the primary knock-on over an extended volume, by the creation
-13
of defects, within a time interval of «»10 s, (2) the annihilation
of the majority of defects by spontaneous recombination, within «10 s,
and (3) the release of the excess energy within the cascade to the surrounding crystal, completed within 10~ s. During the latter period
vacancies are observed to migrate much more rapidly than would be expected on the basis of thermally activated diffusion. This is believed to
be due to subthreshold agitation of the lattice, leading to the consideration of atomic motion in the later stage of the cascade to be a kind
of radiation enhanced diffusion at elevated temperatures and defect concentrations. Johnson [16] has stated that in this later stage, also called
the spike, chemical forces become important when the energies of the
diffusing atoms approach the heat of formation («1 eV).
In the light of the above we can at least qualitatively understand
our present results on shifts and broadenings of thin Au, Ta and W films
in Cu. The shift of the layers is believed to arise from collisional
events during the "ballistic" phases (1) and (2), where the energies
of the atoms, in the cascade are still much larger than 1 eV. In this

- 99 phase mixing is governed by ion energy and the masses of the constituents involved, and since these are practically equal for the three
species under study, they give rise to equal shifts (see table 1).
During the third stage of the cascade the energies of the atoms
approach the heat of formation and thus chemical effects come into
play. Since in the case of Cu-Au there is an attractive interaction between unlike atoms, further mixing of Cu and Au will proceed. In the
case of Cu-Ta, a less strong tendency for further mixing is operating,
while Cu and W, due to the repulsive interaction between unlike atoms,
will show a tendency for clustering or phase separation during this
third stage. This picture at least qualitatively explains the observed
correlation between the measured mixing parameter and AH .
In an attempt to characterize the structure of the clusters shown
in fig. 6b, fig. 7 shows the selected area diffraction pattern of a
single Cu grain containing many small clusters. W.- o spots can clearly
be identified. This result supports the idea of phase separation of Cu
and U in the later stage of the collision cascade and is in good qualitative agreement with observations of Nastasi et al. [13] on ion
implanted co-evaporated Cu-Ta and Cu-W alloys.

Fi£. __7. Se.le.ctzd a/iea cü]$Enaction puttexn o'A
the. spacemen mentioned in (jig. 6b,
A Plowing ipots, due to bee W.

- 100 4.3 Influence of substrate temperature
After the collision cascade had died out, radiation enhanced diffusion
will promote further intermixing of Cu and Au, in case radiation induced
defects are mobile, i.e. at 300 K. At 10 K no defect mobility is expected
and thus no additional mixing of Cu and Au proceeds. This explains the
difference between the Au mixing parameter at 300 and 10 K (see fig. 5 ) .
No substrate temperature dependence of the W mixing parameter is observed
(see fig. 5 ) . So, at 300 K no delayed effects occur. Apparently, phase
separation of Cu and W is completed before the cascade had died out.
As far as the shift is concerned, no difference between the two temperatures is observed in het case of W. This is consistent with the idea
that the shift arises from the "ballistic" phase of the cascade and is
not influenced by the substrate temperature.
4.4 Influence of energy density
Both for Au as well as W the broadening observed at 10 K using Ne
ions was a factor of two smaller than in the case of Xe. Since the energy density in a cascade produced by 65 keV Ne ions is less than that
of 400 keV Xe ions, the dependence of the broadening on the energy
density within a cascade supports the idea that for the Xe irradiations
spike effects are dominant in the later stage of the cascade.
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CHAPTER

IX

Laser alloying of Cu and Cr

Abstract
CuCn mxltilayexi,, 0.5-7 ]im total tlvlcknzii, on Cu iubitxatzi have.
been ZaieA. inxadiaXzd. Thxuhold enenaij deniiXizi fcon. complztz alloying
with di^QJitnt laizn. wavelzngtki and di^exznt nuttilayzn. itnuctuAU
wejie. d&teAmined uiing 1Huthtn.{lo>id bac.kicatteA.lng. Re^uLti axe. dit>cui>&.e.d
in teAmi Ojf abionpta.nct ofa Cu and CK a& a function O& laAesi ivaveZejigth,
ovemJUl chemical compo&ition and thicknui,u
o^ the. individual Cu and
Cn layeM. X-nay dl^inactixin uxu u&e.d to itudy the. inLcioitAuctuAe. o$
the. CUC/L hefcoJiz and afatex Za&eA inAadixvtion. A method i& ouMAntd to
wnAaieJi the. contfubutiom, to peak &hi.&t ofa stacking ^aulti, itn.qMi.eJi
and changz in chejnicaZ compoiition. Thz CuCn alloy produced by the
taizA.-iAAadiatA.on coniiAtzd o£ imali, veAij dzfactlve. Cu.-nA.ch and CKnA.ch ciyitatliteA,.
The. CuCn. latjeA uxu> iubjzcte.d to a high temile.
itJi&ii. Th& diiti.nct change in pKe.^zAAzd oti.&ntation o& c>iyitallit&i
on taieA-iAJiadiation indicated a complete melting o& the CuCt multllayeA. A high tzm,iln itx&ngth [>935 M?a) otf the CuC/t be.&oie and a^tex
iaiex alloying -cs iuqaZAtzd by the micxoitn.uctuA<L ai obiexvzd by K-fiay
Lon and iuitained by haxdn&ii meaiuAemznti. In thz Cu-nAch
4.0 at.% Cn. won, in iotid iolution, i.z. thz ^ivz^old o A thz
maKimum equilibrium iolid
iolubility.
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1. Introduction
The Cu-Cr system exhibits a miscibility gap in the liquid phase for
large Cr contents and a (small) solid solubility or about C.8 at.% Cr in
Cu at higher temperatures, decreasing to 0.02 at.55 Cr at room temperature
[1]. Therefore conventional metallurgical methods cannot be used to manufacture Cu-Cr solid solutions containing more than 1 at.% Cr. There is,
however, c strong interest in Cu-Cr solid solutions with relatively high
Cr contents. The addition of Cr is not only expected to increase the
mechanical strength and the corrosion resistance of Cu but also to improve the performance of Cu in electrical high-power switches [2].
Accepted methods to obtain supersaturated solid solutions are liquid
quenching (splat cooling, melt spinning, etc.), co-evaporation and ion-,
electron- and laser-beam surface irradiation. Laser surface irradiation
seems to be very promising because (i) its high quenching rate (10-10
K/s) as compared to splat cooling (10 -10 K/s), (ii) its ability to affect
layer thicknesses M y m ) far in excess of those affected by electron- and
ion-beams (faO.lym), (iii) the better adhesion of the alloyed layers to the
substrate as compared with co-evaporated layers, (iv) samples can be
processed in open air: experimental procedures are relatively easy as
compared to electron- and ion-beam irradiation and finally (v) laser-beam
alloying produces (metastable) surfacelayers on bulk substrates not restricted in shape, while splat cooling yields samples restricted in size in
at least one dimension.
Most of the methods mentioned above have been applied to the system
Cu-Cr. Liquid quenching with about 10 K/s produces a supersaturation of
only 1.8 at.% Cr in Cu [3]. Dirks and Van den Broek [4] have shown that
metastable solid solutions of Cu and Cr can be formed by co-evaporation.
Theyfound that in Cu up to 30 at.% Cr and in Cr up to 60 at.% Cu may be
dissolved. Ion- and laser-beam irradiation of Cu and Cr has been carried
4 +
out by Draper et al. [5]. They used He backscattering and channeling
to analyse an irradiated 0.1 urn thick epitaxial multilayer structure of
Cu and Cr on top of a <110> single crystal Cu substrate. Evidence was
found for a supersaturated solution of Cr in Cu but the large amount of
dechanneling in the strained surface layer disabled quantitative analysis.
This paper concerns metastable phase formation by pulsed laser irradiation. The fundamental processes during the laser beam impact into a metal
are fairly well understood. The absorbed energy can be very much less than
the incident energy due to the high reflectance of metals at many laser
wavelengths [6], Surface contaminants (oxide layers) and surface topography are known to influence the reflectance significantly. The excitation
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of about ICO 8 thick and during a time elaps of about 10" s, which is very
-8
much shorter than the typical laser pulse duration of 10 s. As soon as the
surface layer is heated by the incident radiation, heat is transported into
the bulk of the sample. The temperature as a function of depth and time, is
determined by the absorbed energy density, the pulse time duration and the
thermal conductivity of the material (s) irradiated. Calculated temperature
9
10
evolution profiles and quench rates (typical 10 -10 K/s) are given in
ref. [7].
Constraints concerning surface alloying have been discussed by Draper
and Poate [8], Laser-irradiation to produce new metallic solid solutions
is most promising in systems with liquid state miscibility but limited
solid-state solubility in equilibrium; very large differences in melting
points between constituents shou'd be avoided.
In this paper evidence will be given for a solid solubility of 4 at.SS Cr
in Cu as a result of pulsed laser-irradiation of Cu-Cr multilayer structures
with a total thickness of 0.5 urn and an average composition of CUggCr^n.
Rutnerford backscattering (RBS) in combination with X-ray diffraction
have been applied to analyse the chemical and crystallographic (micro)structure of the specimens; in addition the hardness was measured to
investigate the mechanical properties.

2. Experimental
Polycrystalline oxygen free Cu and cylindrical Cu<110>single crystals
(15 mm diameter, 3 mm thick) were used as substrate materials. These substrates were mechanically polished with SiC-paper (nr. 1200) and with a
6 pm diamond paste to flatten the surface. Residual roughness was removed
by electrolytical polishing using electrolyte D-2 (firm Struers). The
current used in the electrolytical polishing was « 2 A by applying a voltage of 12 V during 10 seconds, yielding a removal of « 4 urn of substrate
material. Then the substrates were mounted in a UHV evaporation chamber,
equipped with 2 crucibles enabling subsequent deposition of Cu and Cr
layers with variable thicknesses (pre-evaporation purity of Cu and Cr
99.99% and 99.9% respectively). Base pressure in the UHV chamber was
5x10" Pa, rising to a maximum of 10" Pa during evaporation. Evaporation
rates amounted to 1-5 A/s.
Pulsed laser-irradiation of the evaporated structures was done in open
air with two types of lasers: a Q-switched ruby laser (A=694 nm) operated
in the normal and frequency doubled mode, with a pulse length of 25 ns and
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operated only in the frequency doubled mode, with also a pulse length
of 25 ns and a total energy output of 20 J. Uniformity of the laser beam
was obtained by applying a guide diffuser [9]. Laser pulse energy densities used were between 1 and 3.5 J/cm2. In the case of the Nd-YAG laser, due to its high energy output, circular laser beam spots could be
produced being uniform in energy density over areas as large as 6 mm.
To irradiate larger areas an overlapping pattern of laser pulses was
produced.
As-evaporated and laser-irradiated samples were analyzed with 2 MeV
4 He + RBS, at normal incidence and various scattering angles, using the
3.8 MeV Van de Graaff Accelerator at the University of Utrecht. The energy resolution was as low as 14 keV. This was achieved by cooling the
surface barrier detector and the directly coupled preamplifier to -20°C.
Further, from as-evaporated and laser-irradiated samples onto the
< 110> Cu single crystals X-ray diffraction line profiles were recorded
using a Siemens type F diffractometer with a graphite monochromator in
the diffracted beam. The<1l0>Cu single crystals were used to enable
selective X-ray diffraction of the polycrystalline Cu in the evaporated
layer. {111}, {200} and {220} profiles of the Cu (Cr) were recorded in the
Bragg-Brentano focussing geometry, i.e. the bisectrice of (the center
line of) incident and diffracted beam coincides with the normal to the
specimen surface (i//=0). For stress measurements, according to the socalled sirr"(|/ method (see next section), also {220} prof iles were recorded
for <|/>C. CrKa radiation was applied in v'ew of peak to background ratios,
penetration depths and accuracies wanted (large scattering angles). To correct £he measured lattice spacings for instrumental aberrations (especially
defocusing att(i>0) the above mentioned line profiles were also taken from a
reference sample: well-crystallized, stress-free, pure Cu.
During the measurements specimens were spinning around an axis perpendicular to the specimen surface, except for the measurements where rotational symmetry was investigated (see section 4 ) . All profiles were measured in the step-scan mode with preset counting times such that there
were at least 1000 counts net at the top of the profiles. Large portions
of background were recorded on both sides of the profiles.
In the analyses of the profiles corrections were made for dead time
of the counting system, for background intensity by interpolating it
linearly between the extremities of the profile, for the angle-dependence
of the absorption and of the Lorentz-polarization factor [10], and finally for the presence of the CrKag profile [11]. Peak positions were
determined by fitting a parabola to the top region of the corrected profiles.
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optical microscopy were performed using a Leitz Durimet micro Vickers
hardness tester with a load of 5 g and a Carl Zeiss, Jena, Neophot-2
microscope applying interference contrast respectively.

3. X-ray diffraction analysis procedures
The amount of Cr dissolved in Cu after the laser treatment can be
found by an analysis of X-ray powder-diffraction line shifts. Solving
Cr in Cu causes an X-ray diffraction line shift. However, stresses and
stacking faults also cause line shifts. In the following a simple procedure is outlined to unravel the different contributions. For that
purpose X-ray diffraction peak positions (20) are "translated" to
(apparent) lattice spacings (d) by means of Bragg's law 2dsine=x,
where X is the wavelength of the X-rays used. For cubic crystals a
relative change in lattice spacings (d) is equal to a relative change
in lattice parameter (a), i.e. ad/d=Aa/a.
normal to specimen
surface

fiq.

) . PAA.ncU.pcd. Afri<M>i<Li CT, and a„ and angle* ty and V-

(a) For a biaxial state of stress, with principal stresses of o^ and
a 2 parallel to the specimen surface, the l a t t i c e spacing d(<}>,v), of the
(hkl) planes measured in the direction (<f>,i|i), see f i g . 1, is related to
the stress-free spacing d by [12,13]:
.<*ty.^?-.do = S 1 (hkl)(o 1 +o 2 )+iS 2 (hkl)(a 1 cosVa 2 sin 2 <())sin 2 ij;
o

(1)

where S.(hkl) and èS2(hkl) are the so-called X-ray elastic constants.
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the validity of the assumptions underlying eq. (1).
Since dQ and d((J>,*=0) differ very little, in this analysis they can be
interchanged in the denominator of the left-hand side of eq. (1).
For the specimens investigated it was experimentally shown (see section
4) that d(<f>,!//) did not depend on c(>, i.e.
0^2=0

(2)

Then, eq. (1) can be rewritten as
(|)
3 i d ( u . = o )

?
=

lS2(hkl)asin>

(3)

By measuring, as a function of i|i, the lattice spacing of the planes
(hkl) for which S«(hkl) and IS^Chkl) are known, one can determine (i)
the stress ö from the slope of d(^) versus sinty(cf.eq. (3)) and from
that (ii) the term S^hkl )(o1+a2)=2aS,(hkl) in eq. (1).
(b) The presence of intrinsic stacking faults with a density a' and
of, eventually, extrinsic stacking faults with a density of a" causes a
change in (apparent) lattice spacing as given by [14,15]:
j
(4)
+w
-o
where d„. and d are the lattice spacings of the material with and
without stacking faults and C(hkl) is a number depending on {hkl}.
For Cu and diluted Cu-alloys, i.e. for f.c.c. metals, with stacking
faults, occurring on all {111} planes, this C(hkl) is known [14,15]
(see also table 2) and thus, from the measured spacings (a'-a") can be
found.
(c) For CuCr solid solutions the lattice constant has been measured
as a function of Cr concentration from 0 up to 1.63 at.% Cr [3].For this
concentration ranoe the following linear relation holds:
d

CuCr-dCu
Cu

= 7,5x10-4x

(5)

where d~ _ is the lattice spacing of the CuCr solid solution, dc is the
spacing of stress-free, pure Cu without stacking faults and x is the atomic percentage Cr in solid solution. In this investigation i t is assumed
that eq. (5) also holds for x> 1.63 at.% Cr.
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of a stressed CuCr s o l i d solution with stacking f a u l t s , measured on an
X-ray powder diffractometer with normal Bragg-Brentano focusing geometry,
i . e . ip=0, can be related t o the l a t t i c e spacing, d - , of well c r y s t a l l i zed, s t r e s s - f r e e , pure Cu by
- 2 - Ê Ü - ZS 1 (hkl)o= —
a
Cu
'
*

(a'-a")C(hkl)+7.5x10" 4 x

(6)

For a number of reflections (d -dp )/dc -2S.(hkl )cr can be found experimentally, cf.eq. (3); by plotting these versus C(hkl) the values for
(a'-a") and x are obtained from the slope and intercept of the straight
line through the data points. To avoid serious errors, d ana d r have
to be measured on the same diffractometer and under the same conditions.

4. Results and discussion
4.1

Efficiency of laser alloying of CuCr multilayers

The threshold energy density needed for complete alloying of CuCr
multilayers will depend on the laser wavelength and on the multilayer
structure in a complicated manner. Fig. 2 shows the absorptance of Cu and
Cr as a function of laser wavelength [16,17], As is clear from fig. 2
absorptances for Cu are an order of magnitude lower than for Cr when working with a ruby and a Nd-YAG laser in the normal mode.
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- 110 Therefore, all sample structures used in the experiments had a 100 A
thick top layer of Cr in order to couple the laser irradiation more
efficiently into the layers to be alloyed. However, it is evident that
a large relative amount of Cr being the higher melting species in the
present case, will increase the threshold energy density. Moreover, since
the thickness of the Cr top layer is of the same order of magnitude as
the aborption length of the laser li'ht, the underlying Cu layer might
still take part in the absorption pocess. In addition, fluctuations in
the thickness of this Cr top layer from sample to sample, due to experimental uncertainties in thickness monitoring during the layer deposition, will change the relative importance of the underlying Cu in the
absorption of the laser light. This becomes of particular interest in
working with the ruby and the Nd-YAG laser in the normal mode, at which
wavelength the absorptance of Cu is much less than that of Cr.
The above considerations are sustained by the experiments summarized in
table 1; the corresponding RBS spectra are shown in figs. 3, 4 and 5.
2
Fig. 3 shows clearly that in the case of a 2.0 J/cm laser pulse,
though melting seems to have occurred up to the deepest Cr layer
(at 3100 A ) , a reminescence of the initially discrete concentration
profile can still be resolved. At 2.5 J/cm laser energy density the
peaks and dips in the RBS spectrum have disappeared, indicating that
Cr is now distributed more or less uniformly. Applying an energy densip
ty of 2.8 J/cm did not give any additional change of the RBS spectrum.
In cases where the multilayer structure has almost disappeared, the
Cr concentration profile is not straightaway clear from the RBS spectrum.
Therefore, RBS spectra for different Cr concentration profiles have been
computer simulated and compared to experimental RBS spectra. For the
same multilayer structure as used in experiment A (see table 1 and fig.
3), fig. 6a shows a measured as well as a simulated RBS spectrum of a spot
2
irradiated with a 2.4 J/cm frequency doubled ruby laser pulse. The solid
line in fig. 6b shows the corresponding Cr concentration depth profile,
the dashed line represents the discrete Cr distribution prior to laser
irradiation. The latter one is found by simulating the RBS spectrum
measured on an as evaporated part of the sample. (Differences in the locations of the Cr layers in the Cu matrix between those of fig. 6a and
fig. 6b are due to inaccurate layer thickness measurements during deposition). The agreement between the measured and simulated spectrum in
fig. 6a is fairly good, indicating that the Cr concentration profile
of fig. 6b (solid line) is realistic. Simulations with less flattened
Cr concentration profiles and with Cr concentration profiles where
"parts of the surface layers" were removed (surface damage due to the
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layer pulse) yielHed RBS spectra with a clearly worse correspondence to
the measured spectrum. The comparison to the computer simulations suggests that for a complete alloying of the multilayer structure in experiment A (see table 1 and f i g . 1) at least an energy density of 2.5
J/cm is required. On the same basis, i t follows from f i g . 4 and 5 that
for the multilayer structures of experiments B and C (see table 1) at
least energy densities of 2.4 and 2.9 J/cnf are required for complete
alloying. In the case of f i g . 5 the individual Cu and Cr layer thicknesses are such that the superposition of the Cu and Cr spectra lead to

- 113 a plateau in the energy region corresponding to the deepest Cr layers.
However, from the change in the slope at the energy where the onset of
the Cu substrate signal is observed, indicated by the arrow in f i g . 5,
2
i t becomes clear that at an energy density of 2.9 J/cm the entire layer
has been alloyed.
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- 114 Assuming the multilayer to be heated by the laser pulse to «100 K above
g
its "freezing" point, followed by a cooling with a rate of 10 K/s [7] a
liquid state life time t=100 ns is expected and, with an estimated liquid
state diffusion coefficient D=10" 4 cm / s , a diffusion distance x=/Dt=300 A
is feasible. Taking into account also some convection in the liquid, a
complete alloying by pulsed laser irradation of the multilayers considered (see table 1) is very well understandable. The threshold energy density for complete alloying in experiment B is a little bit lower than in
experiment A (see table 1). This is remarkable since in experiment B a
larger total layer thickness and a larger Cr content (higher melting
point) are involved. Moreover, the absorptance in experiment B is somewhat lower than in experiment A. The lower threshold energy density found
in experiment B must be due to the smaller diffusion distances involved
in this experiment. The significantly higher threshold energy density in
experiment C as compared to experiment B, despite the smaller diffusion
distances and the smaller total layer thickness in C, shows that the absorptance of Cu plays an important role in laser alloying of the CuCr
multilayers.
4.2 Microstructure of as-evaporated and laser-irradiated CuCr
multilayers
Though RBS gave conclusive evidence for complete alloying by laserirradiation, it can not distinguish between a solid solution of Cr in Cu
and a mixture of Cu crystals and Cr crystals. As already indicated in
section 3, by X-ray diffraction the amount of Cr in solid solution in Cu
can be found. X-ray diffraction can also provide data about preferred
orientation (texture), crystallite size, stacking faults, microstrains
and stresses.
For the X-ray diffraction experiments we used an as-evaporated specimen with the same multilayer structure as in experiment C (see table 1)
and a similar specimen but homogeneously irradiated with an overlapping
pattern of ruby laser pulses as employed in experiment C. Again complete
alloying was confirmed by RBS.
X-ray diffraction measurements at t|/>0 and at different <j> (see fig. 1)
showed that all specimens, with respect to texture and stresses, were
rotationally symmetric around an axis perpendicular to the layers. Therefore, the X-ray diffraction measurements, discussed below, were executed
on specimens spinning around the above mentioned axis in order to obtain
a better specimen sampling.
Diffractograms of both the as-evaporated and laser-irradiated specimens
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TABLE 1
Threshold energy densities of different
laser wavelengths for complete alloying
of different CuCr mul til aver structures.

experiment
substrate

polycryst. Cu

polycryst. Cu

single crystal Cu

multilayer

1200 A* Cu 1 .,

400 & Cu ^

200 A

structure

100 A Cr ƒ
400 A Cu

100

20x

200 A Cu

100 ft Cr

100 8 Cr

total thickness
0.44 ym
average composition ~ CuggCr.^

~

laser/mode

Nd-YAG/freq. doubled

ruby/freq. doubled

Cu
I 19x
50 8 Cr ƒ

A Crƒ

1.0 ym
Cu

80 C r 20

0.505 ytn
~

Cu

80Cr20

ruby/normal

absorptance Cu

~0.6

~0.4

~0.05

(see fig.2) Cr

~0.5

~0.45

~0.45

minimum energy
density for

2.5 J/cm

2 .4 J/cm2

2.9 J/cn 2

fig. 3

fig. 4

fig. 5
section 4.2

complete alloying
RBS spectra
X-ray diffraction

- 116 showed relatively strong "Cu" peaks and relatively weak "Cr" peaks. So,
not all Cr was in solid solution in Cu. In both cases the peaks were
considerably broadened; the broadening of the "Cu" and "Cr" peaks was
about the same in each case. Unfortunately it was not possible, due to
low intensity and overlap of peaks, to measure the "Cr" peaks in such a
a way that a reliable analysis was feasible; only the "Cu" peaks were
studied.
The integral breadth of the "Cu" {220} reflection (2<>s147 ) öf the asevaporated specimen was 4.7"20 and of the laser-irradiated specimen 4.2
20, whereas the integral breadth of the {220} reflection of the reference
specimen was only 0.25"2u. These large broadenings indicate very defective crystals: microstrains as large as 5.10 and (effective) particle
sizes of (a few) 100A may occur [18]. Such a small particle size in the
as-evaporated specimen is directly evident from the multilayer structure
cf. table 1.
Fig. 7 shows a distinct difference in texture between the as-evaporated s.id the laser-irradiated specimen. This indicates again a complete
melting of the multilayer by the laser-irradiation applied. In addition,
it is deduced from fig. 7 that the Cu-rich crystals do not grow epitaxially onto the <110> Cu single crystal substrate, i.e. the supercooling
was so high that large numbers of crystal nuclei were formed. This is
in accordance with the small crystallite size mentioned above.
Stress measurements were performed on the Cu-rich phase according to
the method described in section 3 (a). Fig. 8 shows d'ijO of {220} versus
2
sin IJJ for the laser-irradiated specimen. Application of eq. (3) yielded
a tensile stress parallel to the specimen surface of 155 MPa for the asevaporated and of 935 MPa for the laser-irradiated specimen. The value of
|Sg applied is niven in table 2.
TABLE 2
Constants used in the calculations;
S. and iSo are for pure Cu
{hkl}

(111}

{200}

{220}

MPa" 1 )
£S 2 (10' MPa~
MPa"1 )
C(hkl)

-2.0

-3.65

-2.4

6

9.7

+1/4

-1/2

+ 1/4

reference
[19]
[19]
[14]
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- 118 The origin of the stress in the laser-irradiated specimen is obvious:
during cooling after the solidification the thermal contraction of the
CuCr layer is larger than of the underlying substrate. The tensile stress
in the laser-treated specimens is a disadvantage with respect to fatigue
properties: under load the growth of cracks will not be retarded as with
a compressive stress. The tensile strength of hard-rolled copper does not
exceed the value of 400 MPa [20].So, the stress found in the laser-irradiated specimen is very high. By optical microscopy indeed cracks are
detected, which means that the tensile strength of the CuCr alloy formed
by the laser irradiation must be of the order of 935 MPa. This high strength
may be explained by the combined effects of small particle size (see above), high dislocation density (causing a high microstra in, see above),
solid solution (see below) hardening and dispersion hardening. The dispersion hardening may stem from finely dispersed Cr or Cr-rich crystals
already formed during th<=" solidification after the laser irradiation and
from very small Cr-rich particles inside the Cu-rich crystals formed by
precipitation in the supersaturated (see below) solid phase during cooling.
Also the measured hardness values hint at a high strength of both the
as-evaporated and the laser-irradiated specimen. The hardness of hardrolled pure copper does not exceed the value of 110 HV [20], whereas for
the as-evaporated specimen 150 HV and for the laser-irradiated specimen
130 HV was found, thereby noting that these values are certainly too low
because the CuCr layer was too thin to avoid a contribution of the underlying soft single crystal substrate. Interestingly, both the hardness
and the line broadening (see above) of the as-evaporated specimen are
higher than of the laser-irradiated specimen: the tensile strength of
the as-evaporated CuCr layer might be even higher (for analogous reason)
than that of the laser-irradiated CuCr layer!
With the stress found, eq. (6) was applied to attain the stacking
fault density and the amount of Cr in solid solution in the Cu-rich phase
(see fig. 9 ) . The values of C(hkl) and S1(hki) applied are given in table
-3
2. For the as-evaporated specimen a stacking fault density a'-a"=15.10
and an amount of Cr in solid solution x«0 at.% Cr was obtained, for the
laser-irradiated specimen a,'-o,"&0 and x=4.Q at.% Cr was obtained. The
stacking fault density in the as-evaporated specimen is rather high,
whereas it is surprisingly low in the laser-irradiated specimen. It might
be that the Cr in solid solution increases the stacking fault energy of
Cu significantly.
The above shows that even in cases where peak positions are influenced
by stacking faults, stresses and composition a reliable X-ray diffraction

- 119 analysis is possibis and that by laser alloying of CuCr multilayers a
CuCr solid solution can be produced with a fivefold supersaturation as
compared to conventional production techniques.
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CHAPTER
Evidence for a nucleation barrier in the solid
phase reaction of Ni and single crystalline Zr

Abstract
In a UHV znvinannvmt thin Hi ^itmi aAo. de.po&ite.d on a IK iingte.
cAyital. In contna&t to the. (LOAO. ofa polyc>iijl>taJUUnz Hi and In. ^Ubnti,
n« neacJuxin bztwzzn Ni. and In. id obiOAvzd upon anneaZing at 300°C
ijo* 11.5 hu. JkiA ii not due. to a di^wiijon batnieA inch cu> an
oxide, on. an amoKphouA pha&e.. It mat be rfue to a Keaction baKKieJi
which can be oveAcome, by ion mixing thz Ui-lK iwtvtfaacz utith 180 keV,
5x101S at/cm2 Xe.

- 124 "
Recently it has been demonstrated that amorphous phases can be
produced by a thermal reaction in the solid state [1-5]. For the case of
Ni-Zr, where the reaction has been successfully established by Clemens
[6], Barbour et al. [7] have pointed out that grain boundaries could act
as diffusion paths to supply Ni for the formation and growth of the
amorphous phase. Moreover, grain boundaries have been suggested to act
as nucleation centers for the amorphous phase formation in the case of
the thermal reaction of Co and Zr [4] . Therefore, in order to establish
the importance of these grain boundaries in amorphous phase formation
via a solid state reaction, we have studied the thermal reaction of
evaporated Ni films and single crystalline Zr, using in situ Rutherford
backscattering and RHEED as analytical tools. Indeed, we have found that
in the absence of grain boundaries in the Zr substrate reaction with Ni
does not occur for 11.5 hrs annealing at 310°C.
A Zr single crystal, 5 mm diameter and 2 mm thick, was etched with a
5 vol.% HF, 45 vol.% HNO3 solution in deionized water. After the etch
procedure the crystal was mounted in a UHV chamber. In this UHV chamber
layer deposition, target heating, ion irradiation and Rutherford backscattering analysis could be performed without breaking vacuum between
the successive experimental steps [8]. A 200 & thin Ni film was deposited
on the Zr single crystal using an e-gun evaporator. During evaporation
o

the pressure was in the 10 torr range, the deposition rate amounted to
.5$ /s. The solid line in fig. 1 shows the He + RBS spectrum of the asevaporated film. The primary energy of the He ions was 500 keV, during all
analyses the ions impinged along the surface normal and were detected at
150° scattering angle. The energy resolution amounted to 15 keV.
Subsequently, this sample was annealed at 300°C for 100 minutes, the
pressure in the system was kept below 5x10" torr. According to Clemens
et al., this thermal treatment should lead to complete consumption of the
Ni "layer in a reaction with Zr [6]. The dotted line in fig. 1 shows the
RBS spectrum measured after the thermal treatment. No significant change
upon annealing is observed. Since Zr is known to oxidise readily, even
at room temperature, and since no in situ cleaning procedure of the Zr
crystal had been applied prior to Ni deposition, we irradiated the speci14
2
wen with 200 keV Xe ions with a dose of 5x10 at/cm to break up any
possible oxide barrier at the Ni-Zr interface. Following the irradiation
the sample was annealed at 310°C for 11.5 hrs. The dash-dot line in fig. t
shows only a minor change in the RBS spectrum measured after the anneal,
as compared to the one measured directly after deposition.
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When the sample was heated jp to 400°C for one hour a clear change
in the RBS spectrum was observed, see fig. 2. Apparantly at 400^0 Ni reacts with Zr and is distributed over a depth of « 800 'k, giving rise to
an approximate composition of I^^Zr-,- in the surface layer of the Zr
crystal. Note however that this occurs only after annealing at a temperature which is above the lowest reported crystallization temperature for
Ni-Zr metallic glasses (T
. =330uC for Zr rich compositions [9]),
c jiTi i n

consequently the reacted layer is not expected to be amorphous but crystalline.
In order to avoid the effect of a possible interfacial oxide barrier,
we have also investigated the thermal reaction of rather thin Ni films on
a sputter-cleaned and annealed Zr single crystal surface using Reflection
High Energy Electron Diffraction (RHEED). We have installed a Zr single
crystal into another UHV chamber with a base pressure of 2x10" torr.
Inside this UHV system the Zr single crystal was sputter cleaned using
800 eV Ar ions, 1 IJA current during 30 minutes and successive annealing
at 315°C for 30 minutes. Fig. 3 shows the RHEEO pattern of the cleaned
Zr crystal, taken with 12 keV electrons at a glancing angle of 2° with the
sample surface at random azimuthal angle. The RHEED picture clearly shows
diffraction spots due to the single crystal surface of Zr. It indicates
that the residual amount of contaminants on the surface prior to Ni
deposition was less than a monolayer. On top of this cleaned crystalline
Zr surface as 8 A Ni was evaporated from a N' wire in front of the sample.
Subsequently the sample was heated up to 300°C for 210 minutes. The RHEED
pattern taken from this sample after annealing, fig. 4, clearly shows
Debye-Scherrer rings of polycrystalline Ni, indistinguishable from the
RHEED pattern after deposition before annealing. So again in contrast to
earlier work on polycrystalline samples also for these very thin Ni films
on single crystalline Zr no evidence for the formation of an amorphous
phase is found. Like in the previous experiments with 200 A Ni on Zr,
subsequent annealing of this sample at 400°C for 90 minutes resulted in
a reaction as is clear from the RHEED pattern in fig. 5. Besides diffraction spots from unreacted crystalline Zr we observe additional features
attributable to crystalline Ni Zr compounds formed. From the above it
x y
can be concluded, that deposition and subsequent annealing at 300 T ,
even for prolonged times, of Ni films on top of single crystalline Zr
does not give rise to amorphous phase formation. The absence of a solid
state reaction in the present experiments cannot be attributed to a diffusion barrier. There is no oxide present before deposition and there is
no reacted layer formed at the Ni-Zr interface. Apparently there exists
a reaction barrier at the Ni-single-crystalline-Zr interface which may
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- 129 be overcome by heating to 400°C but this does not result in amorphous
NiZr compounds.
In order to investigate this low temperature reaction barrier further
we have studied the effect of ion beam mixing of the Ni-Zr interface. An
-ft
etched Zr single crystal was mounted in the first UHV system (10
torr)
and a 200 & Ni layer was evaporated on top. The full drawn line in fig. 6
shows the RBS spectrum measured on the as-evaporated sample. This sample
was ion irradiated at room temperature with 180 keV Xe ions with a high
15
2
7
dose of 5x10

ions/cm , at a current density of .01 yA/cm

to avoid beam

heating effects. The dotted line in fig. 6 shows the RBS analysis of this
sample. Complete mixing of Ni and Zr has occurred at the interface, with
a graded composition of Ni/Zr over a thickness of 200 K. When this sample
is subsequently heated to 300°C for 60 minutes all of the Ni is consumed
in reaction with the Zr substrate. Apparently room temperature ion mixing
has resulted in the formation of NiZr-nuclei that can grow easily upon
further heating at 300°C. Also after deposition of two more Ni films of
200 A each on top of the reacted surface layer, simple heating to 300°C
did result in a continuation of the reaction. Preliminary X-ray diffraction work indicates an amorphous phase on top of the Zr crystal.
In conclusion, we have found that reaction between polycrystalline Ni
and single crystalline Zr does not occur within reasonable times by
heating only at 300°C. This is not due to a diffusion barrier such as an
oxide or an amorphous phase. It must be due to a reaction barrier, which
can be overcome by forming an ion mixed NiZr interface using Xe irradiation to a dose of 5x10

at/cm . For polycrystalline Ni/Zr sandwich

structures this reaction barrier has not been observed. Apparently grain
boundary triple points present in the sandwich layers have a structure
similar to the nuclei formed by ion mixing.
The authors acknowledge I.V. Mitchell from the Chalk River group for
kindly supplying the Zr single crystals.
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SUMMARY
This thesis deals with ion and laser beam induced thin film mixing.
After a general introduction, chapter II describes the development of an
Ultra High Vacuum apparatus for deposition, ion irradiation and in situ
analysis of thin film sandwiches. This chamber has been developed in close
collaboration with High Voltage Engineering Europa. Thin films can be deposited by an e-gun evaporator. The atom flux is monitored by a quadrupole mass spectrometer. An electrostatic scan facility has been designed
to ion irradiate specimens homogeneously. RBS analysis can be performed
in situ. High sample throughput, while preserving UHV conditions, is
achieved by a sample loading chamber.
In chapters III through VIII studies are described that aim at a better
understanding of some basic mechanisms involved in mixing thin films using
ion and pulsed laser beams. A comparison is made between ion beam and
laser mixing of Cu with Au and Cu with W. These systems are coilisionally
identical but thermodynamically they are not. Cu and Au have a negative
heat of mixing and show complete solid solubility, whereas Cu and W are
completely insoluble, even in the liquid phase. The comparison provides
a better understanding of the relative importance of purely collisional
mixing, the role of thermodynamic effects and the contribution of diffusion due to defect generation and migration.
In chapter III it is shown that the distances over which atoms are
mixed upon 300 keV Kr ion bombardment at room temperature are an order
of magnitude larger for Cu and Au than for Cu and W. This is attributed
to diffusion via ion induced defects in the system Cu-Au. The reduction in
the extent of ion mixing of Cu and Au at low substrate temperatures, as
reported in chapter IV, sustains this idea. Therefore collisional effects
alone do not determine the extent of mixing and thermodynamic properties
have to be included.
In chapter V it is shown that besides ion beams, also pulsed laser
beams can be applied to alloy Cu and Au. For Cu and W, however, only ions
are able to induce mixing: upon Xe ion bombardment, 25 S thin W films embedded in Cu broaden and shift in the direction of the substrate, as determined by RBS.
The ion bombardment induced shift of thin W films in Cu is subject of
further investigation in chapter VI. Comparison of measured shifts with
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high initial Xe ion energies.
In chapter VII an attempt is made to account for the W film shift by
assuming the W film to cluster upon ion bombardment. In the model presented there, it is shown that clustering of 25 A thin W films to spheroids
of » 100 $ radius would account for the measured RBS W peak shift. In
chapter VIII, however, the W film shift appears to increase with smaller
initial film thickness. This is in conflict with the expectation of the
cluster model, since if clustering would be the only mechanism responsible for the shift, smaller initial film thicknesses should result in
smaller shifts. Moreover, X-TEM analysis of an ion irradiated 6 fl thin
W layer in Cu reveals a real physical shift of the W film inward, over a
distance of 30 A* in good agreement with that found by RBS.
In addition, in chapter VIII a correlation is found between the extent
of Au, Ta and W thin film mixing with Cu and the corresponding heat of
formation. These results are in good qualitative agreement with a recently proposed model concerning chemical effects in ion induced cascades.
Chapter IX deals with the production of supersaturated solid solutions
of Cr in Cu by laser alloying. Laser irradiation of CuCr multilayers resulted in a 4.0 at.% supersaturated Cr solution in Cu, as determined by
RBS and X-ray diffraction line shift analysis. A high tensile strength
of the CuCr before and after laser alloying is suggested by the microstructure as observed by X-ray diffraction and sustained by hardness measurements.
In the final chapter Xe ion irradiation is applied to overcome a reaction barrier present at the interface of polycrystalline Ni films evaporated on top of single crystalline Zr. This work gives clear evidence for
the importance of grain boundaries in the recently observed amorphous
phase formation by thermal reactions in solid state.

Samenvatting
Dit proefschrift gaat over het mengen van dunne lagen met behulp van
ionen en laser bundels. Na een algemene inleiding wordt in hoofdstuk II
de ontwikkeling van een Ultra Hoog Vacuum opstelling beschreven, waarin
sandwiches van dunne lagen kunnen worden opgedampt, geïmplanteerd en
in situ geanalyseerd. Deze opstelling is ontwikkeld in nauwe samenwerking
met High Voltage Engineering Europa. Dunne lagen kunnen worden opgedampt met een elektronenstraal verdamper en de flux van verdampte atomen
wordt gemeten met een quadrupool massa spectrometer. Er is een elektrostatische scan inrichting ontwikkeld om homogene ionen implantaties uit
te kunnen voeren. In situ RBS analyse kan worden gedaan. Een sample
wissel kamer maakt het bovendien mogelijk samples snel in het Ultra
Hoog Vacuum te brengen.
In de hoofdstukken III tot en met VIII worden experimenten beschreven
die een beter begrip beogen van enkele fundamentele processen die een
rol spelen tijdens het mengen van dunne lagen met ionen en laser bundels.
Er is een vergelijking gemaakt tussen ionen bundel en laser menging van
Cu met Au en Cu met W. Deze systemen zijn botsings-kinematisch praktisch
identiek, maar verschillen in thermodynamisch opzicht: Cu en Au hebben
een negatieve vormingswarmte en zijn volledig oplosbaar in elkaar, terwijl
Cu en W volstrekt onoplosbaar zijn, zelfs in de vloeibare fase. De vergelijking heeft tot doel inzicht te krijgen in het relatieve belang van
zuivere botsingseffecten, in de rol van thermodynamische effecten en in
de bijdrage van diffusie via defecten gegenereerd tijdens de ionen beschieting.
In hoofdstuk III worden sandwich lagen Cu-Au-Cu en Cu-W-Cu beschoten
met een 300 keV Kr ionen bundel. De beschieting wordt uitgevoerd bij 300 K
substraat temperatuur. De afstanden waarover Au en Cu atomen vermengd
zijn blijken een orde van grootte groter te zijn dan in het systeem Cu-W.
Dit wordt toegeschreven aan diffusie via stralings geïnduceerde defecten
in het geval Cu-Au. De geringere menging voor Cu-Au bij lagere substraat
temperaturen, zoals beschreven in hocfdstuk IV, bevestigt dit idee. De
conclusie is dat botsings effecten alleen niet bepalend zijn voor de menging en dat thermodynamische effecten een belangrijke rol spelen.
Hoofdstuk V laat zien dat naast ionen bundels ook laser bundels gebruikt kunnen worden om Cu en Au te nengen. Cu en W kunnen daarentegen
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een 25 A dikke W laag in Cu verbreedt en verschuift in da richting van
het substraat als gevolg van Xe ionen beschieting.
De verschuiving van dunne W lagen in Cu wordt verder onderzocht in
hoofdstuk VI. Vergelijking van gemeten verschuivingen met analytische berekeningen door Littmark laten alleen overeenstemming zien voor hoge primaire Xe energieën.
In hoofdstuk VII is een model geformuleerd om de W verschuiving te verklaren door aan te nemen dat de aanvankelijk uniforme W laag öpbolt onder
invloed van ionen beschieting. Er wordt berekend dat opbolling van een
25 A dikke W laag tot clusters met » 100 & straal de gemeten verschuiving
van de RBS W piek kunnen verklaren. In hoofdstuk VIII blijkt de W verschuiving echter toe te nemen met afname van de oorspronkelijke W laag
dikte. Dit is in strijd met de verwachting gebaseerd op het clustermodel,
want als de opbolling het enige mechanisme is verantwoordelijk voor de verschuiving, dan zou een dunnere oorspronkelijke W laag aanleiding geven tot een kleinere verschuiving. Bovendien laat X- 'EM analyse van een
beschoten 6 K W laag in Cu een werkelijke verschuiving van de W laag zien
over een afstand van 30 $ in de richting van het substraat, in goede overeenstemming met RBS metingen.
In hoofdstuk VIII is bovendien een correlatie gevonden tussen de ionen
geïnduceerde verbreding van dunne Au, Ta en W lagen in Cu met de corresponderende vormingswarmte. Deze resultaten zijn kwalitatief in goede overeenstemming met een recent gepubliceerd model betreffende chemische effecten
in ionen bundel menging.
Hoofdstuk IX behandelt de vorming van oververzadigde oplossingen van Cr
in Cu met behulp van gepulste laser straling. 4.0 at.% Cr werd opqelost in
Cu door laser beschieting van afwisselend opgedampte Cu en Cr lagen, zoals
bleek uit RBS en Röntgen-diffractie lijn verschuivings analyse. Zowel voor
als na laser beschieting vertoonden de CuCr lagen een hoge treksterkte, die
werd bevestigd door hardheidsmetingen.
In het laatste hoofdstuk is een Xe ionen bundel gebruikt om een reactie
barrière te overbruggen aan het grensvlak van een polykristallijne Ni film,
opgedampt op monokristallijn Zr. Dit resultaat laat zien dat korrelgrenzen
belangrijk zijn tijdens de recent waargenomen vorming van amorfe fases via
vaste stof reacties.
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