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THE USE OF ION BEAM AND PULSED ~oER PROCESSING
is reviewed for the near-surface modification
of a wide range of materials. The techniques
of ion implantation doping, ion beam and laser
mixing, and pulsed-laser annealing are stressed
with part icular emphasis on the nonequilibrium
aspects of these processing techniques and on
new materials properties which can resul t .
Examples are presented i l l us t ra t i ng the u t i l i t y
of these techniques for fundamental materials
research as well as practical surface modifica-
t i ons .

Ion beam and laser processing techniques
have achieved increasing acceptance in recent
years both as tools for basic materials
research and development and as techniques for
modifying the near-surface properties of
mater ia ls . The success of these techniques in
materials research arises because they are
nonequilibrium processing methods capable of
inducing materials interactions not possible
with more conventional equil ibrium methods.
Consequently, these techniques allow tests of
fundamental materials interactions under con-
d i t ions not heretofore achievable and often
result in new materials properties. In addi-
t ion to these at t r ibutes, the inherent contro l ,
precision and versa t i l i t y of these processing
techniques have made them part icular ly suitable
for near-surface modification of a variety of
materials for technological applications.
In th i s ar t ic le the characterist ics of ion
implantation doping, ion beam mixing, and
pulsed-laser processing w i l l be reviewed. The
nonequilibrium aspects of these techniques and
resul t ing new materials alterations w i l l be
stressed. Examples of the i r use for fundamen-
ta l materials research and development as well
as for practical surface modifications w i l l be
presented. For a more comprehensive review of
•Operated by Martin Marietta Energy Systems, m:
under contract DE-AC05-840R21400 with USDOE.



the pertinent ion and laser interactions
in solids and their applications to materials
processing the reader is referred to several
recent review sources.1"17

ION BEAM AND LASER PROCESSING

ACCELERATOR AND USER FACILITItS - The
experimental apparatus u t i l i zed for most of tne
work discussed here is shown schematically in
Fig. 1 . The f a c i l i t i e s represented in Fig. 1
are part of the Surface Modification and
Characterization (SMAC) f a c i l i t i e s in the Solid
State Division at Oak Ridge National Laboratory.
A variety of ion accelerators and lasers are
integrated into several common ultrahigh vacuum
(UHV) processing and analysis chambers. This
arrangement makes i t possible to al ter the
near-surface properties of materials by ion
implantation doping, ion beam mixing, and/or
pulsed laser annealing in a controlled UHV
environment, and to characterize the materials
properties in si tu by ion beam or surface analy-
sis techniques. A variety of variable tempera-
ture/posi t ion sample holders can be used for
materials processing from 5-1300 K, and goni-
ometers are available which allow for analysis
by posit ion ion channeling techniques.

The accelerators include a 2.5-MV Van de
Graaff type accelerator used for ion beam
analysis; a 200-KV ion implantation accelerator
capable of producing high currents of most e le-
ments in the periodic tab le; and a 1.7-MV tan-
dem type accelerator used for both ion beam and
nuclear reaction analysis and high energy heavy
ion implantation. The available lasers include
two Q-switched ruby lasers (0.694 um wavelength,
15-50 x 10"9 s pulse durat ion, 3 joules tota l
energy) and an excimer laser (0.249 ym, 25 x
10-9 s , 1 jou le ) .

ION IMPLANTATION DOPING - Ion implantation
doping is a precise, contro l lab le, reproducible
and selective method for introducing impurities
into so l ids. V i r tua l ly any species of ion can
be produced in the versat i le ion sources
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Fig. 1 - Schematic representation of the ORNL
ion beam and laser processing fac i l i t ies .

available on commercial ion itnplanters. Mass
and energy analysis of the ions before ion
implantation insures extreme purity, even iso-
topic selection of dopants. The implanted con-
centration is precisely determined from current
integration. The depth distribution of the
implanted impurity can be precisely controlled
by varying the ion energy, and the spatial
distribution is controlled by scanning and/or
focussing the beam.

Calculated range and damage distributions
for 1 x 1016 As atoms/cm2 implanted into Si at
100 keV are represented in Fig. 2. The
implanted As profile ends up as a Gaussian
distribution around a projected range of 0.057
urn with a peak concentration of ~3 at.%.
Implantation profiles can be "tailored" by
varying the energy (depth) and dose (concentra-
tion) as desired. As a consequence of the
implantation process the incident As ions
deposit a substantial fraction of their energy
into nuclear collisions which displace Si atoms
from their normal lattice sites. This so-
called damage energy distribution is shown as
the dashed curve in Fig. 2 of nuclear stopping,
Sn, versus depth. I t can be shown from radia-
t ion damage calculations for this case17 that
near the peak of the damage distribution (Sn -
1.0 MeV/ym, 0.02 pm) each Si atom is displaced
about 55 times. The radiation damage and the
details of the collision cascade for each
individual ion are important factors in deter-
mining the final materials properties during
ion implantation. These factors are discussed
more in the next subsection.

The materials properties which result
from ion implantation doping are governed by
many diverse factors. For many materials
small amounts of the appropriate implanted
dopant can alter or even dominate the electr i -
ca l , chemical, mechanical or optical proper-
t ies . These effects can arise from alterations
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Fig. 2 - Calculated liamage energy, Sn, and
concentration versus/ depth profiles for As
implanted in Si.

of the local chemi'ltry or metallurgy of the
sol id; from alters/cions of the surface micro-
structure due to /adiation damage or induced
stress or strain;/or from the formation of a
new metastable surface alloy induced by
several factors forking in concert.

The nonequiT-ibrium aspects of ion implan-
tation doping f/rise because this method of
introducing impurities into solids can circum-
vent many of t/he constraints which limit
equilibrium p/ocessing methods. Limitations
due to diffusion rates and solid solubility
l imits can usually be avoided, thermodynamic
constraints,'on phase structure can be relaxed
after the collision cascade event, and the
implantatisin process can induce and stabilize
metastablf; phase formation. Specific examples
of these various occurences can be found in
the references l isted.1"1 7

IOKBEAM MIXING - As the schematic in
Fig. 3 implies, i f a thin film of one material
B is deposited on a substrate material A and
bombarJed with energetic heavy ions, ma^rials
interactions between the two constituents AmBp
can ba induced as a consequence of a variety
of complex, interacting phenomena. The energy
of tne incident ions must be adjusted so that
the, damage energy distribution (see Fig. 2)
traverses the interface. When this is the
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Fig. 3 - Representation of the effects contri-
buting to ion induced materials interactions.

case the contributing effects listed in Fig. 3
can drastically alter the properties of the
surface by atomic mixing and materials
interactions.

Each heavy ion incident into a
crystalline region of a solid initiates a
collision cascade like that depicted in Fig. 4
in which huge numbers of vacancy and inter-
s t i t i a l defects are produced by direct and
secondary collisions. 'Some atoms of the depo-
sited film can be recoil implanted into the
substrate by direct knock-on collisions,18 and
others can be mixed by the atomic motion of
the atoms within the collision cascade (cas-
cade mixing).19"21 These dense collision
cascades can set up large concentration gra-
dients of b'oth vacancies and intersti t ials
which can produce radiation enhanced dif-
fusion,22 ' " lead to solute migration,2"* alter
the near surface composition of alloys,25 '26

induce segregation or dissolution of precipi-
tates2*4 and a variety of other effects.

In addition to these ion induced pro-
cesses which effectively mix the atoms in the
sol id, the dynamic character of each collision
cascade is also important for determining the
final materials interactions. The energy
deposited in collision cascades such as the
one shown schematically in Fig. 4 is rapidly
dissipated through atomic motion in times
~10~13 s. The nature of the cascade depends
on the kinematics of the collision partners,
but for most ion beam mixing situations ( i . e . ,
100-500 keV heavy ions on targets of moderate
to heavy masses) a large fraction of all the
atoms within the cascade volume are in motion
during this 10"13 s . 2 ' 3 ' 1 7 " 2 1 These dense
cascades have been modeled by some as thermal
spikes2 '18 '27 in which the atoms in motion in
the cascade are treated as a hot gas in equi-
librium and the "heat" of the atoms in the
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Fig. 4 - Pictorial representation of ion
induced collision cascade.

cascade is conducted away from the damage
region. There are several fundamental
questions concerning this concept; for example,
i t is not clear that thermal equilibrium can
be obtained on these short time scales or how
the energy couples to the latt ice or electronic
system of the solid.17"27 Nevertheless,
whether removed by thermal conduction or atomic
motion the rapid dissipation of energy from
the cascade can be viewed as a rapid quenching
effect with a rate ~1013 k/s which is com-
parable or greater than either vapor (~1010

k/s) or liquid quenching (~106 k/s).17

The nonequilibrium nature of ion beam
mixing results from the ion induced mixing,
the defect production and interactions,58 the
structural modifications, and the rapid
cascade quenching effects acting in concert.17

A variety of metallurgical, chemical and ther-
modynamic driving forces determine the final
materials alterations. In many instances the
nonequilibrium nature of the interactions can
alter free energy and thermodynamic constraints
<tnd make new and often unique materials inter-
actions possible. Examples of the use of ion
beam mixing to fabricate amorphous mixtures,



extended composition metglasses and equilibrium
compounds will be presented later in this
ar t ic le.

PULSED LASER PROCESSING - Although the
use of laser and electron beams for inducing
materials interactions in solids is a rela-
tively recent field of investigation i t is
proving an attractive alternative to conven-
tional thermal methods.11"17 These techniques
provide precise methods to process the surface
over a wide range of quenching rates. I f con-
tinuous lasers are scanned or i f high-power
lasers with limited pulse duration (~10~9 to
10"15 s) are util ized, then only the near sur-
face of the solid melts (heats); while in the
long-time regime (> 1 ms) processing can be
accomplished to greater depths. The precise
control of these techniques makes i t possible
to accomplish surface processing of solids in
either the solid or liquid phase at quenching
rates projected up to as high as 1013

k / s . l l - 1 7 . 2 9

In this section we wil l only consider the
use of pulsed lasers for studying fundamental
materials interactions and ini t iat ing near
surface property modifications. Pulsed
annealing refers to the case in which energy
is deposited into the surface region in a
single pulse over areas ~1 cm in diameter.
Larger areas require multiple pulses, but the
annealing behavior of each pulse can be inde-
pendently considered. When an energetic pulse
is incident on silicon, for example, the pho-
tons are absorbed directly into the electronic
system of the. solid. Through electron-phonon
interactions the absorbed energy is rapidly
transferred to the latt ice atoms as heat in
times -10"12 s.29 For sufficiently intense
pulses ( i . e . , 1-2 joules/cm2 ruby laser pulse
of 15 x 10"9 s duration) the near surface
melts to depths ~1 iim. As the heat is con-
ducted away to the solid substrate resol idi f i -
cation occurs at the liquid-solid interface,
and the interface proceeds toward the sample
surface at a velocity V. The melt front
velocity can be controlled by the rate of
energy deposition, absorption depths in the
solid and liquid phases, thermal properties of
the solid, etc., and can be varied from cm/s
to m/s.11"17

The origins of new materials properties
induced by pulsed laser processing are asso-
ciated with this surface melting and rapid
solidif ication. When an ion implanted solid
or a composite target of two thin films are
pulsed-laser annealed, the surface melts and
the constituents mix by liquid diffusion. As
the surface resolidifies quenching rates up to
1011 k/s can be readily achieved. Since this
is much greater than normal splat quenching
rates (~106 k/s) a variety of rapid so l id i f i -
cation effects can be expected to affect the
materials interactions of the mixed consti-
tuents.
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Fig . 5 - Analysis of an ion scattering spectrum
for 2.5 MeV He from Sb implanted Si showing
the quantitat ive mass and depth spec i f ic i ty .

ION BEAM ANALYSIS TECHNIQUES

A variety of analysis techniques are
required to determine the materials properties
of the ion beam and laser processed surfaces
we w i l l discuss. However, many of these are
fami l ia r techniques such as x-ray d i f f rac t ion ,
transmission electron microscopy, electron
paramagnetic resonance, etc. and need not be
discussed. Ion scattering and positive ion
channeling techniques are less fami l iar , are
used of ten, and so w i l l be reviewed here
br ief ly .

ION SCATTERING - Ion scattering analysis
of a silicon sample implanted with Sb ions is
shown in Fig. 5. Analysis was performed by
measuring the yield and energy of He+ scattered
from the implanted sample. The light He ions
of incident energy Eo mdergo Rutherford
elastic scattering fi om the atoms of the
target. Their scattered energy is determined
by the kinematic scattering factor K which is
a function of the mass of the scattering atom.
Thus, although the heavy Sb atoms are physi-
cally implanted in the near surface of the
lighter host Si atoms, the energies of the He
ions scattered from the two different species
are separated in scattered ion energy; Ks-jE0
and Ksb̂ o represent the energy of He+ scattered
from Si and Sb atoms respectively located at
the surface. Thus ion scattering analysis is
mass specific.

Since the energy loss processes for He+

in Si are well known i t is also possible to
convert the scattered ion energies from Si and
Sb into independent, accurate depth scales as
shown at the top of Fig. 5. Finally, since
Rutherford scattering is a well understood
classical scattering effect, the number of He
ions scattering from the target atoms at each
depth can be related to the number of scat-
tering atoms at that depth.
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Fig. 6 - Origins of the positive ion channeling
effect and its use for materials analysis.

The ion scattering analysis in Fig. 5
makes i t possible to obtain a nondestructive,
quantitative, depth profile of the implanted
Sb. Using the known density of Si as a stan-
dard, the scattering yield from Sb at the
shaded depth can be compared to the Si yield
at the same depth and an accurate depth pro-
f i l e deduced. Depth resolutions ranging from
30 to 100 A are achievable depending on ion,
target and detection conditions. For a more
comprehensive discussion of ion scattering the
reader is referred to a recent book.30

POSITIVE ION CHANNELING - A companion
technique to ion scattering is the so-called
channeling effect which exists for positive
ions in single crystalline solids. When ions
are incident along a misoriented direction of
a single crystal, such as the random orien-
tation shown in the upper left of Fig. 6, they
encounter the atoms of the solid at random and
have normal interaction probability and a scat-
tering distribution like that shown in Fig. 5.
However, i f a well collimated beam of ions is
incident along an axial or planar direction of
a single crystal (see Fig. 6), then the ions no
longer encounter the lattice atoms at random.



Instead the ion-atom col l is ions are correlated
and the col lect ive interactions of many atoms
along a row or plane steers the ion away from
the atoms into the open "channels" between the
rows and planes of atoms (see Fig. 6). Since
channeled ions never approach closer than ~10"9

cm to atoms on la t t i ce s i tes , and since
Rutherford scattering requirss 1t!<n*-t distances
'1G" ' 7 •---:-, ••• .^al scatroriii-g yields are greatly
reduced for channeled ions.3 0 This has several
important consequences for materials analysis.
Since the channeling effect exists because of
crystal order i t can be used as a sensor of
ion induced damage. Thus i t can be used to
quantify in s i tu the damage induced by ion
implantation f.nd the annealing in i t ia ted by
pulsed laser processing. Since the channeling
ef fect al ters the ion f lux d is t r ibut ion in the
channels i t becomes sensitive to the location
of impurity atoms in the l a t t i c e . Thus i t can
be used to determine l a t t i ce sites to within
0.1 A, and quantitatively measure the fraction
of impurities on substitutional or i n t e r s t i -
t i a l s i tes . 3 0

MATERIALS RESEARCH AND SURFACE MODIFICATIONS

Ion beam and laser processing are ideal
tools for fundamental materials research
because they subject materials interactions to
extreme boundary conditions not normally
possible. Ion bombardment and implantation
of fer a new dimension to materials interac-
t ions because the induced materials properties
are not only determined by the characteristics
of the in^anted or mixed species and altered
microstructures, but by cascade quenching and
the complex production and interact ion of
defects as wel l . Pulsed laser processing can
perform rapid heating and cooling in the solid
phase; or melting, mixing and rapid s o l i d i f i -
cation in the l iquid phase. When coupled with
conventional "furnace annealing, quenching
rates can be varied from K^-IO1 3 k/s and
reso l id i f i ca t ion melt front veloci t ies from
cm/s to m/s.

These techniques are equally useful for
modifying the near-surface properties of
materials to achieve beneficial properties
such as reduced corrosion, improved f r i c t ion
and wear, etc. In this section several speci-
f i c examples are presented in which the non-
equilibriurti aspects of ion beam and laser
processing are exploited to a l te r surface pro-
per t ies. Both the fundamental materials
interactions leading to property al terat ions,
and the practical applications of these
altered surfaces are discussed.

SUPERSATURATED SUBSTITUTIONAL ALLOYS OF
Si - The f i r s t example to be discussed is the
use of ion implantation doping and pulsed
laser annealing to fabricate supersaturated
subst i tut ional alloys of s i l i c o n . 3 1 ' 3 2 The
fabr icat ion process is depicted in Fig. 7.
Implantation of any of the group I I I or V
dopants into Si(100) results in a gaussian
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Fig. 6 - Origins of the positive ion channeling
effect and i ts use for materials analysis.

The ion scattering analysis in Fig. 5
makes i t possible to obtain a nondestructive,
quantitative, depth profile of the implanted
Sb. Using the known density of Si as a stan-
dard, the- scattering yield from 5b at the
shaded rispth can be compared to the Si yield
at the same depth and an accurate depth pro-
f i le deduced. Depth resolutions ranging from
30 to 100 A are achievable depending on ion,
target and detection conditions. For a more
comprehensive discussion of ion scattering the
reader is referred to a recent book.30

POSITIVE ION CHANNELING - A companion
technique to ion scattering is the so-called
channeling effect which exists for positive
ions in single crystalline solids. When ions
are incident along a misoriented direction of
a single crystal, such as the random orien-
tation shown in the upper left of Fig. 6, they
encounter the atoms of the solid at random and
have normal interaction probability and a scat-
tering distribution like that shown in Fig. 5.
However, i f a well collimated beam of ions is
incident along an axial or planar direction of
a single crystal (see Fig. 6), then the ions no
longer encounter the lattice atoms at random.



Instead the ion-atom collisions are correlated
and the collective interactions of many atoms
along a .ow or plane steers the ion away from
the atoms into the open "channels" between the
rows and planes of atoms (see Fig. 6). Since
channeled ioni never approach closer than -10"9

cm to atoms on latt ice sites, and since
Rutherford scattering requires impact distances
-ID"1 2 cm, normal scattering yields are greatly
reduced for channeled ions.30 This has several
important consequences for materials analysis.
Since the channeling effect exists because of
crystal order i t can be used as a sensor of
ion induced damage. Thus i t can be used to
quantify in situ the damage induced by ion
implantation and the annealing init iated by
pulsed laser processing. Since the channeling
effect alters the ion flux distribution in the
channels i t becomes sensitive to the location
of impurity atoms in the lat t ice. Thus i t can
be used to determine lattice sites to within
0.1 A, and quantitatively measure the fraction
of impurities on substitutional or in ters t i -
t i a l sites.3"

MATERIALS RESEARCH AND SURFACE MODIFICATIONS

Ion beam and laser processing are ideal
too ls for fundamental materials research
because they subject materials interact ions to
extreme boundary conditions not normally
possible. Ion bombardment and implantation
of fe r a new dimension to materials interac-
t ions because the induced materials properties
are not only determined by the character ist ics
of the implanted or mixed species and altered
microstructures, but by cascade quenching and
the complex production and interact ion of
defects as w e l l . Pulsed laser processing can
perform rapid heating and cooling in the sol id
phase; or melt ing, mixing and rapid s o l i d i f i -
cat ion in the l i qu id phase. When coupled witfi
conventional 'furnace annealing, quenching
rates can be varied from lO^-lO13 k/s and
reso i id i f i ca t ion melt front veloc i t ies from
cm/s to m/s.

These techniques are equally useful for
modifying the near-surface properties of
materials to achieve beneficial properties
such as reduced corrosion, improved f r i c t i o n
and wear, etc. In th is section several speci-
f i c examples are presented in which the non-
equi l ibr ium aspects of ion beam and laser
processing are exploited to a l ter surface pro-
per t ies . Both the fundamental materials
interact ions leading to property a l te ra t ions ,
and the practical applications of these
altered surfaces are discussed.

SUPERSATURATED SUBSTITUTIONAL ALLOYS OF
Si - The f i r s t example to be discussed is the
use of ion implantation doping and pulsed
laser annsaling to fabricate supersaturated
subst i tut ional alloys of s i l i c o n . 3 1 ' 3 2 The
fabr icat ion process is depicted in F ig . 7.
Implantation of any of the group I I I or V
dopants into Si(100) results in a gaussian
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Fig. 7 - Fabrication of supersaturated
substilutional alloys of Si.

profile of the dopant centered at some depth
beneath the surface. As a consequence of the
implantation process the Si single crystal is
heavily damaged in the near-surface region and
is most likely rendered amorphous. In conven-
tional semiconductor device processing, this
implanted sample would be thermally annealed
to remove the damage and incorporate the
dopant into an electrically active lattice
sites. Since thermal annealing is an
equilibrium processing method the maximum
dopant concentration which could be incor-
porated into substitutional sites would be
limited by the equilibrium solid solubility
limit C§.

An alternative to this annealing process
is to utilize a single pulse from a Q-switched
ruby laser (1-2 joules/cm2, 15 x 10"9 s dura-
tion) to anneal the implanted sample. When
this is done the sample melts to a depth well
beyond the depth of the implanted dopant.
While the surface is molten the dopant mixes
by liquid diffusion. As the heat is conducted
away to the underlying substrate the near sur-
face solidifies.

For the present conditions the position
of the melt front versus time behaves as shown
by the insert in Fig. 7. The surface of the
Si melts to a depth of -1 ym very rapidly and,
as conductive cooling occurs, the meltfront
proceeds back toward the surface at a velocity
of several meters/second, depending on the exact
annealing conditions. This entire process
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Fig. 8 - Concentration vs. depth profiles for
Bi implanted Si and the associated materials
alterations.

is over in a few hundred nanoseconds. As a
consequence of this extremely rapid so l id i f i -
cation several phenomena occur which are uni-
que to this fabrication method. First, even
at these extreme velocities, perfect, l iquid-
phase, epitaxial crystallization of the molten
silicon occurs on the underlying single crystal
substrate. Second, as this crystallization
occurs the distribution coefficient at the
liquid/solid interface, K', mediates the con-
centration of dopant that can be incorporated
into substitutional sites in the solid.
Because of the nonequilibriurn nature of this
crystallization process K' is much greater
than the equilibrium distribution coefficient
Ko, and dopant atoms are incorporated into
substitutional sites by solute trapping at
concentrations Cmax much greater than the
maximum allowed equilibrium concentrations
C§.3 i%32 Thus the terra supersaturated sub-
stitutional alloys.

Some of the new materials properties of
these alloys are highlighted in Fig. 8. The
inserted figure shows the concentration versus
depth profiles extracted from ion scattering
analyses of Bi implanted Si(100) before and
after laser annealing.32 The open circles
show the as-implanted dopant distribution cen-
tered at the implanted depth of about 0.1 ym.
As a consequence of pulsed laser annealing the
near surface melts to -0.6 um, the Bi diffuses
in the molten Si, and as the sample crystal-
lizes Bi is trapped into the solid with the
profi le shown by the solid circles in Fig. 8.

Ion channeling measurements made to
determine the fraction of Bi on substitutional
lat t ice sites after laser annealing showed
that ~98% was substitutional up to a depth
<0.02 um where some surface segregation of



Table I - Fundamental Mechanisms Limiting
Substitutional Solubilities in Si
V = 4.5 m/s

1. THERMODYNAMIC LIMIT

DOPANT

y»
C»(cm-Jt

EQUILIBRIUM

1.5 X 1O11

C!» (cm"1)
(100)

6.0 X 1 O 2 '

C J " (tin-3)

(111)

6.0 X 10 3 '

FUNCTIONAL
DEPENDENCE

C g 1 " - C J 1 " (V. hkl|

2. MECHANICAL STRAIN

DOPANT

y
cglcm"3)

EQUILIBRIUM

6.0 X 1O20

CJ-lcfli"1)
HDD)

2.0 X 102 1

Cg" (cm-5)
(111)
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(3.41

(3)

(3.41

... COHERENT
PRECIPITATES

excess Bi had occurred (dashed lines).30 The
maximum equilibrium solid solubility for Bi in
Si is marked on Fig. 8, and for these par-
ticular annealing conditions the total substi-
tutional concentration of Bi exceeds this
equilibrium l imit by a factor of ~500.

There are numerous opportunities for fun-
damental materials research afforded by the
fabrication of these supersaturated alloys and
the investigation of their materials proper-
ties after fabrication.. One such continuing
study has been to determine the fundamental
mechanisms which limit the maximum substitu-
tional concentrations for the various
dopants.31'32 I t was found that the group
III-V dopants in Si were limited by one of
four mechanisms and results from this study
are summarized in Table I . Ion scattering/chan-
neling analysis was used to measure the maxi-
mum concentrations of the various dopants that
could be incorporated into both (100) and
(111) oriented samples by ion implantation
doping and pulsed laser annealing. The
annealing conditions were such as to give a
melt front velocity during solidification of
4.5 m/s. Ion channeling measurements of maxi-
mum concentrations were coupled with x-ray
scattering, transmission electron microscopy,
electrical measurements, etc. as required to
identify the limiting mechanisms.

The absolute maximum solid solubility
limits for each dopant can be predicted from
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Fig. 9 - Ion channeling and x-ray diffraction
analysis of the one dimensional lattice con-
traction of B implanted and laser annealed Si.

thermodynamic calculations.33 As indicated in
Table I only As achieves this thermodynamic
limit by V = 4.5 m/s. Experiments at higher
velocities show the same measured maximum.
The dopant B is limited by mechanical strain
before reaching the thermodynamic limit and
the origins of this wil l be discussed later in
this section in connection with the unique
lattice alteration which causes this. The
remainder of the dopants are limited either by
interfacial instabi l i t ies or precipitate forma-
tion or both as indicated in Table I .

The unique latt ice alterations which occur
in these supersaturated substitutional alloys,
and which limit the maximum B concentration due
to mechanical strain as indicated in Table I ,
have been studied by a combination of x-ray
diffraction end ion channeling techniques.3"*'35

A composite of results are shown in Fig. 9.
Both the x-ray Bragg reflection profiles and
ion channeling results from a Si(100) sample
implanted with 1 x 1016 B/cm2 at 35 keV, and
laser annealed show that the B supersaturated
alloy has undergone a unique lattice alteration
as shown schematically in the lower right hand
corner of Fig. g.3^'35 As the ion-implanted,
laser-annealed sample recrystallizes by l iquid-
phase epitaxy, the B is incorporated into
substitutional sites in a perfect Si latt ice at
supersaturated concentrations. Since the size
of B is smaller than Si the lattice contracts
on crystallization in the heavily doped surface
region. However, because of the absence of any
extended dislocations, the surface undergoes a
one dimensional contraction normal to the sur-
face as i l lustrated.31"55 The result is a
heavily doped surface layer with a noncubic
latt ice contraction of -1.3% normal to the sur-
face of the crystal. This surface is under
considerable strain and as larger and larger
concentrations of B are incorporated into



substitutional sites the strain increases until
the surface mechanical strain exceeds the frac-
ture strength of Si and the surface layer
cracks. This mechanical strain limits the
maximum B concentration.

As indicated by the highlights in Fig. 8
the processing of these supersaturated substi-
tutional alloys also leads to some new and
unusual surface properties as well as the uni-
que latt ice alterations just discussed. For
example, the extremely rapid melting and
liquid phase epitaxial recrystallization can
result in a quenched-in metastable surface
structure.37"39 When the Si(111) surface is
sputter-cleaned and thermally annealed in
ultrahigh vacuum (equilibrium processing) the
atomically clean surface atoms reorder to form
the complex (7x7) structure. However, i f the
same surface is processed with a single laser
pulse (nonequilibri'jm processing) the surface
melts and resolidifies so rapidly that an ato-
mically clean surface with a simple (lxl) low
energy electron diffraction pattern charac-
terist ic of the bulk atomic arrangement is
produced.37 I f this same pulsed-laser pro-
cessing is applied to ion implanted (doped) Si
surfaces, supersaturated alloys are produced
with surface electronic properties very dif-
ferent than conventionally doped Si .3 7"3 9

The f lex ib i l i ty of pulsed laser pro-
cessing can be used to increase quenching
rates, or meltfront velocities, over a wide
range. In Si, for example, UV lasers have
been used to study crystallization phenomena
as a function of melt front velocity, and
above about 15 m/s the solidification becomes
so rapid that crystallization is not possible
and the amorphous state is quenched at the
surface•lf0 •'••l Combining continuous, scanned,
and pulsed laser and electron beam processing
with conventional furnace annealing i t is now
possible to study crystallization; the kinetics
of interfaces, precipitation and segregation;
interfacial instabil i t ies; undercooling or
superheating; and a host.of other phenomena at
solidification velocities from ~10"10 to ~102

nZs.u-i7.3i.ifi

CERAMIC ANP INSULATOR PROCESSING - Ceramic
and insulat ing materials are part icular ly ame-
nable to surface modifications because they
bridge such a broad spectrum of materials pro-
pert ies. Bonding can vary from ionic to cova-
lent to near metal l ic, so injected dopant atoms
can induce a variety of changes; since damage
can occur by both ionizing as well as displa-
cement co l l i s ions , induced microstructural
changes can vary widely. Ion beam modifica-
tions have included optical properties,8 '1 '2"1 '11

phase structure al terat ions,8 '1 '2- ' ' ' ' e lectr ical
and/or chemical properties,8 >1 '2-''" and mecha-
nical properties.1 '5"' '9 Ion beam mixing has
been used to increase adherence of metal films
to insulators'* ' " ' '9 and to al ter the structural
and conducting properties of polymers.50

The potential for a l terat ion of the sur-
face mechanical properties of AI2O3 by ion
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implantation doping can be seen from the
results in Fig. 10 which show the relative
hardness increases that can be achieved by
implantation of Cr, Zr, and Ti and the effects
of annealing in air.46 thB f1*9 Not only can the
surface hardness be increased by implantation,
as shown in Fig. 10, but the fracture tough-
ness can be increased ~20%. These investiga-
tions showed that the improved mechanical
properties depended sensitively on the doping
species and implantation conditions."6"1*9

Implantation of Cr suffered s loss of hardness
at temperatures ~900°C because it became
incorporated into Al lattice sites on annealing
to form Al203-Cr203 solid solutions; while Zr,
which is insoluble in AI2O3, retained its
hardness to temperatures near 1600°C. When
SiC1*7 was implanted at room temperature or
A12O3 at liquid nitrogen temperature

51 the sur-
faces became amorphous and surface hardness
decreased while fracture toughness increased.
These combined results show that surface mecha-
nical properties can often be tailored to
achieve the desired properties.

The pronounced differences in relative
hardness versus annealing temperature shown in
Fig. 10 for the various dopants are mirrored
by changes in the structural properties at the
surface. By utilizing ion channeling measure-
ments like those shown in Fig. 11 it is
possible to monitor the ion induced lattice
damage and its recovery on annealing, the dif-
fusion behavior of the implanted Cr, and even
the specific sublattice sites acquired by Cr
on annealing.1*6 >l*8't(9 Because of the kinema-
tic separation of ions scattered from the Al
and 0 subiattices and the implanted Cr in Fig.
11, it is possible to monitor the damage reco-
very as a function of annealing temperature.
The ion channeling effect can be utilized to
deduce that Cr goes substitutionally into the
Al sublattice at temperatures ~1200°C and EPR
shows that the Cr is accommodated as
C3 + ̂ 6 'a ̂ 9
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Ion beam and laser mixing of nr,etal f i lms
on Al203 , SiC and S13N1J has also proved quite
successful for increasing the mechanical prop-
erties of the surface and the adhesion of the
metal f i l m s . * 9 ' 5 2 ' 5 3

ION BEAM AND LASER PROCESSING OF
SUPERCONDUCTING MATERIALS - ' Ion beam and laser
processing techniques are well suited to the
fabrication and study of superconducting
materials for several reasons. F i r s t ,
materials al terat ions usually result in a
change in the superconducting t ransi t ion tem-
perature Tc and th is can be easily monitored
in situ during both ion beam and laser pro-
cessing. Second, only a surface layer the
order of the coherence length for superconduc-
t i v i t y (<0.05 vm) need be altered in order to
induce a measurable change and this is much
less than the normal near surface modification
depths using the ion beam and laser tech-
niques. Third, many high Tc materials are the
result of some metastable processing and since
ion beam and laser processing are both non-
equilibrium methods they should be part icular ly
applicable. Several specific examples
exploit ing these advantages are given below
and recent reviews cover the ear l ier work in
th is f ie ld . 5 4 * " 5 6
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Fig. 12 - Fabrication of superconducting V3Si
by ion beam and pulsed laser mixing.

The use of ion beam and pulsed lassr
mixing to fabricate superconducting V3Si from
V and Si th in fi lms is represented by the
results in Fig. 12.17 '57-59 The ion scat-
ter ing analysis in Fig. 12 shows that the
mult i layer V/Si samples used were designed to
l i m i t the composition near V3Si and consisted
of four V layers separated by four Si layers
pr ior to mixing. Mixing was induced by either
bombardment with 4 x 1O1S XeVcm2 or a single
15 ns pulse from a ruby laser at 0.9 J/cm2.
In both instances the ion scattering shows
complete mixing and this was confirmed by
cross-section TEM analysis. The mixture was
amorphous with a composition V2.eSi and was
not superconducting. Thermal annealing to
only 500°C resulted in the nucleation of the
superconducting A-15 phase from this amorphous
mixture.3 7 In the case of ion beam mixing the
superconducting character of the f i lm was as
good as high-temperature thermally processed
V^Si with Tc ~ 16 K.59 The pulsed laser mixed
f i lms on the other hand had Tc ~ 10-12 K and,
even when the laser mixed samples were ther-
mally annealed to temperatures as high as 925
K, the i r Tc 's were always less than multi layer
samples (not laser annealed) thermally pre-
pared at the same temperature.57 '58 This is
related to laser induced defects which are
much more d i f f i c u l t to anneal than ion induced
damage. These results and the effects asso-
ciated with multiple laser pulses, pulse
length, and the whole question of defects in
A-15 superconductors, etc. are discussed
elsewhere.17 *57

In general both theory and experiment
show that Tc can be increased by increasing
the density of states near the Fermi surface
or with enhanced phonon softening.5"*-56 Quite
often electronic or compositional changes can
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Fig. 13 - Ion scattering analysis of amorphous
metglass mixtures of Al/Ge fabricated by
pulsed laser mixing.

be induced by implanting the proper impurit ies,
and ion damage can alter the phonon spec-
trum.1 7 '5"*"5^ An example of the la t te r is
recent low temperature He+ i r radiat ion experi-
ments on Pd metal.60 This metal has a high
density of states near the Fermi level and a
phonon spectrum favorable for superconductivity
but shows no superconductivity as low as 1.7
mK. However, i r radiat ion with He+ at low tem-
perature transforms Pd into a superconductor
with Tc ~ 3 K.eo

An interest ing example of beneficial
laser processing concerns pulsed laser heating
of Nb3Ge.57 '61 Pulsed laser melting of the
metastable high Tc (Tc ~ 22 K) phase of Nb3Ge
in i t i a tes the formation of the stable NbG
phase and a decrease in Tc . However, contro l -
led rapid heating of Ge-rich Nb3Ge can be used
to produce f i ne l y dispersed stable phase pre-
c ip i ta tes which act as f lux pinning sites and
increase the c r i t i c a l current density J c
without decreasing T c . 8 1

AMORPHOUS METAGLASSES AND METASTABLE ,•
PHASE FORMATION - Normally metal/semiconductor
systems can be quenched from the melt to form
amorphous metglasses only at compositions near
the eutect ic compositions when conventional
methods such as splat quenching are used.
However, since pulsed laser quenching can be
102-103 times greater i t is possible to form
amorphous metglasses over a greatly extended
range of compositions.17 '5?'58.62>B3

An example of pulsed laser mixing of the
eutect ic Al/Ge system is depicted in Fig. 13.
A th in f i l m of lie was vapor deposited on a
th in f i lm of Al on an Al2Oa substrate as shown
by the ion sat ter ing analysis (so l id l ines) in
F ig . 13. A single laser pulse from a Q-
switched ruby laser (1.3 J/cm2, 15 x 10"9 s)
was used to melt the near surface as
i l l u s t r a t e d . The absorbed energy melted part
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Fig. 14 - Ion scattering analysis of the Au/Ge
metglass AusgGeso fabricated by ion beam mixing.

way through the A1 f i l m , the Al and Ge mixed
by l i qu id d i f fus ion, and as the molten surface
cooled an amorphous mixture was formed at a
composition determined by the relat ive amounts
of Ge and Al present in the molten surface
layer (dash l ine , Fig. 13). I t is possible to
control the compositions of Al and Ge by
making l imited supply th in f i lm composite
samples l i ke the V and Si f i lms of Fig. 12.
I f th is is done v i r tua l l y any composition of
Al and Ge can be quenched into an amorphous
metglass.



METGLASS FORMATION BY ION BEAM
AND PULSED LASER MIXING

Fig. 15 - Summary of ion beam and laser pro-
cessing results for Pd/Si and Pt/Si (see t e x t ) .

Ion beam mixing can also be used to form
amorphous mixtures as depicted by the results
in Fig. 14 for the Au/Ge eutectic system.17

In th is case Au on Ge on A12O3 was bombarded
with increasing doses of 450 keV Xa ions with
the samples held at temperatures of 4, 298,
and 350 K. Analysis of these ion scattering
spectra17 shows that by about 5 x 1015 Xe/cm2

the Au films are consumed and mix with the Ge
to form an amorphous mixture. There are
however some anomalous features in th is
instance. F i r s t , the plateau in the scatter-
ing from the Ge f i lm after mixing ( f i l l e d
circ les) shows that the Au and Ge mixed at a
def in i te composition, Au5oGe5o. I f thicker Au
fi lms are used, thicker amorphous mixtures are
formed at the surface, but always at the same
composition Au5oGeso.17'6Z Second, i f this
amorphous mixture is allowed to anneal at room
temperature or heated <100°C a metastable
crysta l l ine phase forms from the amorphous
mixture at the Au5OGe5o composit ion.1 7 '6 2

This general trend has been found in the Au/Si
system as well where an amorphous mixture and
a new metastable crysta l l ine phase forms at
the composition Au 5Si 2 . 1 7 ' 6 2 ' 6 1* In both these
cases, the same metastable phases can be pro-
duced from amorphous mixtures made by pulsed
laser mix ing1 7 '6 2 and they have not been
reported from conventional splat quenching
studies.

Ion beam and pulsed laser mixing can also
form extended composition metglass mixtures
(and metastable phases) in s i l i c ide forming
systems as the schematic representation in
Fig. 15 indicates. This figure attempts to
abstract the results of several researchers
and the reader is referred to references 17,
58, 59, 64, and 65 for an accurate account of
the work. By using th in f i lm composite
targets of Pt/Si or Pd/Si to control the com-
positions of the mixtures, theje researchers
found that amorphous metglass mixtures could



be made over the entire shaded ranges by
either ion beam or pulsed laser mixing.
Furthermore, when the Si rich amorphous mix-
tures of Pt/Si were thermally annealed two new
metastable phases, Pt2Si"3 and Pt^Sig were
formed as shown by the dotted l ines on the
f igure.

SUMMARY

The examples presented here merely
suggest the p o t e n t i a l of ion beam and laser
processing f o r both fundamental ma te r ia l s
studies and p r a c t i c a l a p p l i c a t i o n s . Many of
the fundamental ion beam mix ing mechanisms
leading to new mater ia ls p roper t i es are not
wel l understood and need more d e t a i l e d s tudy. 1 7

For example i t i s not c lear why Au/Ge and Au/Si
form amorphous mixtures at the same com-
pos i t ions as the metastable phases which
resu l t on. thermal anneal ing; or why, despite
the s i m i l a r i t y of phase diagrams f o r Pd/Si and
P t / S i , tha t P t /S i forms metastable phases
whi le Pd/Si does not . Although the Au/Ge
eutac t i c systems undergo p r o l i f i c ion beam
mixing at a l l temperatures, A l /Ge , which is
also a e u t e c t i c system, does not mix at a l l . 1 7

For p r a c t i c a l app l i ca t i ons ion beam and
laser processing are appropriate for virtually
any material and for alteration of any surface
related phenomenon. The added dimension of
these processing methods are their nonequilib-
rium capabilities which can lead to new sur-
face alterations. Their primary limitation is
the near-surface (<10 pm) modification depths.
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