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"Metastable Solid Phases"

I. Objectives

"%he investigation was directed toward the formation and characterization
of amorphous and crystalline metastable structures formed in the near-surface
region of solids. The initial objective was to establish a backscattering and
channeling faci]ity.f
I1. Accomplishments!

A. Rutherford Backscattering Facility

The accelerator (Tandetron Analyzer System with 1.0 MV terminal voltage)
was delivered 6 July, 1981 (original delivery date was 1 Nov. 1980). General
Ionex installation personnel arrived 13 July, 1981. The first backscattering
spectra at 2.4 MeV He++ were obtained 24 July, 1981 - and spectra at the oxygen
resonance at 3.04 MeV He++ obtained on 31 July, 1981. There were a number of
adjustments and modifications to the beam line and chamber required before the
system was ready for routine operation. In 1982, the Rutherford Backscattering
Facility was in use by the research group engaged in studies of metastable
sol{d phases. In 1983, the facility was in routine use and was made available
to other research groups.

The availability of a Rutherford Backscattering Facility has made a sig-
nificant impact on the Cornell research community that deals with electronic
materials, thin film structures, molecular beam epitaxy and ion implantation.

The impact is due to the growth in the number of Cornell users of the
Rutherford Backscattering Facility. In the past year, accelerator users have
included over 60 graduate students and faculty from Materials Science, Electri-
cal Engineering, Physics, Applied Physics, Chemistry, Chemical Engineering and

Anthropology. Appendix A lists graduate students in the Thin Film Interactions
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group of Prof. Mayer who carry out research with backscattering and channeling
measurements. Appendix B lists the visiting scientist and research associates
working with group. Appendix C lists the Cornell and Appendix D lists the
outside of Cornell users of the facility.

Cornell has a tradition of interdisciplinary research but this appears to be
the first time that one analytical instrument has brought about such campus-wide
interest. The attractive feature of backscattering analysis is that it provides
a direct measurement, easily visualized from the data, of composition depth
profiles. Furthermore, sample analysis can be carried out in 15 to 20 minutes

by a user with only a few hours of instruction. For groups dealing with thin-

film deposition and reactions, epitaxial growth and semiconductor contact metal-
lization it is imperative to have ready access to such a quantitative analytical
instrument.

Aside from routine measurements, there have been a number of important
new developments. In one case Professor Kramer found that he could exploit
the depth resolution in backscattering to obtain a near-four order of magnitude
improvement in the analysis of interdiffusion in organic films. This is a new
application which opens up an exciting field of study. In another case we have
found that composition analysis can be carried out directly on 500 to 1000 R
thick films mu. 1 on transmission electron microscope grids. This allows a
direct comparison of composition and structure. By the use of a detector
mounted for forward scattering, we have been able to measure hydrogen profiles
in hydrogenated amorphous-silicon. Using the combination of ion-induced X-rays
and backscattering, the anthropologists are actively investigating the evolution
of pottery glazing techniques.

We continue to develop the analytical capabilities to add, for example,

detection systems for gamma rays for nuclear reaction depth profiling of Al in

................
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in GaAlAs/GaAs heterojunction structures. We are developing the analysis of
100 micron diameter optical fibers to determine coating thicknesses. We con-
tinue to improve our computer-based programs for data analysis.

B. Melt-Front Kinetics

The dynamics of silicon solidification from the melt during pulsed-ruby-
laser annealing of bulk Si crystals and Si on sapphire have been investigated
with the use of time-resolved electrical-conductance and optical reflectance.
Bulk Si samples were used to determine the resolidification velocities and to
compare the experimental results with numerical calculations based on a thermal
model for laser melting. Si on sapphire samples were used because the photo-
conductive contribution to the transient current was sufficiently small so
that the entire melt and resolidification process could be directly observed.
The transient conductance technique yields quantitative measures of melt depths,
melt-in velocities (5 to 13 m/s) and solidification velocities (2.8 to 3.3 m/s).

The importance of the transient conductance technique (developed in 1981-
1982 under DARPA/ONR sponsorship) is that it provided for the first time a direct
measure of melt depths during laser annealing. The availability of an in-situ
measurement of melt dynamics allowed us to cut through much of the mystery and
controversy surrounding laser annealing and to place the field on solid footing.

The details of the measurements are described in publications (No. 2, 6
and 8 of Section IV of this report) and comments on pulsed laser irradiation
of silicon and the development of the transient conductance technique are given
in Section V. 1.

C. Amorphous and Crystalline Phase Formation

The effect of ion beam mixing on multilayer samples in the A1/Pt, Al/Pd
and A1/Ni systems has been studied with TEM techniques. The phases PdAl and

NiAl are the only equilibrium alloys found in jon beam mixing, while the
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amorphous phase has been observed over a large range of compositions. We believe
that the different behavior is related to the difference in the crystalline
structure of the equilibrium compounds. With ion irradiation, crystalline

phases of simple structures, such as solid-solutions or simple cubics, can be
formed while amorphous structures are formed with more complex structures.

With ion-mixing of bilayers of Ni containing 1.5 atomic % Au, we found
that ion mixing formed silicides but the Au segregated to the Ni/Niesilicide
interface. The same behavior, that is the segregation of Au at the interfaces,
has been found in thermal annealing. This implies that thermodynamic driving
forces are dominant in ion beam mixing. If recoil collisions and ballistic
effects dominated, the Au atoms would not show a sharp concentration profile
at interfaces.

The details of the measurements are described in publications (Nos. 1, 3,
7, 9 and 10 in Section IV). A longer description of phase formation in metal-
metal systems is given in Section V.

D. NATO Advanced Research Institute on "Surface Modification by Directed
Energy Processing"

The contract was supplemented in 1981 by $9,600 to provide travel support
for 9 U.S. scientists to participate in a NATO Institute whose subject was
directly in line with the thrust of this contract. The group met in Trevi
on 24-28 August 1981 and at Cornell 10-13 January, 1982. The publication of
the proceedings is "Surface Modification and Alloying", edited by J.M. Poate,
G. Foti and D.C. Jacobsen, Plenum Press, 1983.
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V. Melt-Front Kinetics and Ion Beam Mixing
A. Laser Irradiation and Transient Conduction

(prepared by M.0. Thompson)

In 1977, Soviet workers first observed the ability of short pulse
(less than ~50 ns) ruby and neodymium laser radiation to anneal the
lattice damage associated with ion implanted surface layers [1]. This
ability, and recently the ability to form new phases, has been intensely
studied during the past 6 years [2-3]. The field hes expanded since those
early experiments to encompass not only techrically important
somiconductor processing possibilities, but also the more important
fundamental mechanisms involved in ultra—fast melt and resolidification of
materials. The field continunes to expand today into topics as diverse as
laser assistod sputtering [4] and metastable alloy formation [5].

In a sense, the laser has been used as little more than an extremely
fast heat gun for the majority of this laser annecaling work. Indeed, many
of the origimal applications suggested for scanned continuous wave lasers
have been implemented with conventional, and more economical, heat sources
such as quartz-halogen lamps [6), graphite strip heaters [7] and electron
beam sources (8]. However, the flexibility of the laser allowed
development and experimentation in many sreas simply not accessible to the
alternative sources,

In the manosecond regime, though, the pulsed laser has provided a
unique capability to create, and control, extreme conditions of

temperature gradients and interface motion which was not otherwise
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obtainable. Tempersture gradients and thermal quench rates for pulsed
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laser melting are typically three orders of magnitude greater than the
highest rates obtained by splat cooling. Additionally, the laser allows

almost unlimited flexibility in tailoring these gradients through the
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choice of wavelength (300 nm to 10 pm) and pulse duration (100 fs to
100 ns).

Detailed studies of many rapid quench phenomena wer- nfortunately,
limited by the avuilabiliiy of experimental probes .. monitoring the
laser melts on these short time scales, For stud. f the phase
transformations in silicon, optical probes, such as surface reflectivity,
were initially the omly techmiques capable of providing time resolved
information on the melt behavior. Auston et.al. [9] first monitored this
surface reflectance to confirm that the anmealing process im Si occurred
by melting and resolidification of a thin surface layer. Recently,
Yon et.al. [10] have extended these surface reflectivity measurements to
the sub-picosecond time regimes to obtain information on the transfer of
energy from the electronmic system to the phonon system in Si under intense
radistion,

The surface reflectivity messurements suffer, though, from a lack of
depth sensitivity since the reflectance is determined within the first few
absorption lengths of the surface, typically 5-10 om for metallic
surfsces. Thus while t.e measurements can be extremely senmsitive to phase
changes on the surface, these messurements are able to determine very
little of the melt kinetics within the bulk material. Altermative optical
probes, using for instance the absorption thréugh a8 sample or X-ray

scattering, are being developed to provide depth and temperature

information [11-12],
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During the past two years, a time dependent and depth sensitive probe
of the laser melting of Si has been developed [13-18], This probe
exploits the thirty fold electrical conductivity increase accompanying the
transformation of Si from 8 semiconducting solid to e metallic
liquid [19]. Momitoring of the transient electrical conductance provides
a direct measurement of the volume of 1liquid present during laser
irradiation. The first of these transient conductance traces, obtained in
collaboration with R, B. Hammond, P. S. Peercy snd G. J. Galvin, are shown
in fig. 1.1. For large energy densities, the current flowing through a Au
doped Si sample during irradiation was observed to increase due to the
highly conducting liquid layer on the surface. As the surface
resolidified, the current decreased proportionately providing a time
resolved measure of the liquid thickness. 1ln the figure, the cross hatch
area of the curves indicate the conduction due to photo—g:nerated carriers
in the remaining solid Si.

While the dats in fig. 1.1, due to the large photoconductivity
response, allowed observation of the resolidification only, the use of
silicon on sapphire (SOS) reduced this photoconductive signal dramatically
and allowed detailed study of the entire melting and resolidifying
process. For the first time, interface velocities and peak melt depths
could be directly obtained and compared with theoretical models, This
allowed a number of interesting questions to be addressed concerning the
melting of Si,

First, the measurements allow comparison of the melt kinetics with
various numerical models for the heat transport, Since the transfer of
onergy from the laser radiation to the Si sample occurs through the

electronic system, it was suggested that non-thermal processes may play a

10
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significant role in describing the behavior of laser melts [20]. During
irradiation at 30 ns, the melt kinetics have been studied in detail using
the transient conductance techmique with SOS, These melt kinetics were
compared with both detailed numerical simulations and simple anmalytic
estimates, based on normal thermal heat transport, and were shown to agree
quite well, No 1large deviations were observed, suggesting that any
non-thermal processes are insignificant on the nanosecond time scale.

Second, lssers allow study of the amorphous phase of Si at high
temperatures, Under mnormal conditions, temperatures in excess of 600°C
are difficult to obtain for amorphous Si due to the solid phase
recrystallization. The rapid energy deposition of lasers allows high
temperatures to be achieved with minimal recrystallization, Thermodynamic
moasurements indicate that amorphous Si will melt at a temperature
significantly reduced from the crystalline melting point [21). However,
measuroments of the solid phase epitaxial regrowth velocity at high
temporatures using a CW laser have failed to confirm this melting
temperature reduction [22]. The pulsed laser provides another method of
studying the thermodynamics of amorphous Si at high temperatures, Using
the transient conductance technique, direct observations of the
transformation between amorphous Si and the liquid phase were made. By
monitoring the kinetics of these melts, the reduction of the amorphous
melting temperature, relative to the crystalline phase, was confirmed and
a value of 200+50 K was determined.

Additionally, observations of the melt behavio; in amorphous Si at
low incident energy densities identified the occurrence of an explosive
crystallization event, The transformation of amorphous Si to poly

crystalline Si at these low energy densities proceeded primarily by this
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explosive corystallization process, The micro-structure of the resulting
poly crystalline layer was also ocorrelated with the melt behavior.
Finally, the techaique sllowed observations of the reverse
transformation from the liquid phase directly to the amorphous phase.
Under extreme growth conditions, laser melted samples are known to
resolidify as the amorphous phase {[23-24]. The transformation occurs at a

critiocal velocity which was dotermined from the transient comnductance to

be 15 m/s.
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V. Melt-Front Kinetics and Ion Beam Mixing
’ B. Phase Formation in Ion Mixed Metal-Metal Systems

(prepared by Liang-Sun Hung)

Introduction

Ion mixing in silicide forming systems has been extensively
investigated (1, 2, 13). With ion irradiation of the near-noble
elements on Si substrates, the mixed layer has a composition that is
polycrystalline in microstructure and corresponds to a well defined
phase. The silicide that develops at the metal/Si interface is the
same as that which forms when the sample is subjected to thermal
annealing (1, 2, 9).

Ion mixing experiments .n metal-metal systems have not produced
conclusive results. So far, few ion mixing experiments have been
performed on metallic bilayers. For systems with thin films of Al in
contact with Ni, Pd and Pt, backscattering measurements revealed the
formation of equilibrium compounds. The composition of the compounds
differed from those obtained by thermal reactions, in contrast to that

found in silicide-forming systems (1). Multilayered samples have been

extensively utilized with metal-metal systems. The unique feature of
the multilayer configurations is that the average composition of the
whole sample is fixed so that a uniform mixed layer is formed as a
result of ion mixing., Ton irradiation of the multilayered samples
generally led to the formation of a metastable phase with no evidence

of intermetallic compound formation although phase diagrams indicate
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the presence of equilibrium compounds (10). There has been consider-
able effort to explain amorphorization in irradiated metallic alloys.
Liu et al. recently formulated a "structural-difference" rule to pre-
dict when such amorphous phase will occur (12). The rule states that
an amorphous binary alloy will be formed by ion mixing of multilayered
samples when the two constituents are of different crystalline struc-
tures. The rule was reported to hold for eight metal-metal binary
systems, irrespective of their atomic size and electronegativities.
However, a lack of systematic investigation in the systems where the
two components are of the same structure precludes generalization at
this time. Moreover, the physical meaning of the rule, if any, is
uncertain. Summarizing the experimental observations, it is found that
distinct differences exist between metal-Si and metal-metal systemrs and
that the results obtained in metal-metal systems with different sample
configurations have not been put in a consister: framework. There is
no clear picture of why equilibrium compounds have not been observed by
ion mixing in the multi-layered samples and how amorphorization takes
place during ion mixing.

In this chapter we report experimental observations of ion-beam
mixing in the three kinds of binary systems that exhibit distinct dif-
ferences in thermodynamic and kinetic behaviors upon thermal annealing.
In A1/Ni, Al/Pd, and Al/Pt systems, the equilibrium phase diagrams show
the presence of several intermetallic compounds with limited terminal
solubilities (14, 15). In Au/Ni and Au/Cu systems, the phase diagrams

are characterized by the absence of intermetallic alloys although there

are differences between the two systems (14). For instance, a

) N - - . T L A P S et a )

- L. A Ce e .- . [ . - - . -t LR SR A BN - e - - .
e S e e e e e D T P L P CER . . - s - L W O A ST Y PN B U T R S ST YU S )
R IR I PPN S AT SR P YU PN PR P S VR PP SIS I S T U S e = chaendind e Daeing




anas et et ol et S AN A AN A S S AR NRE T I T 1
L et - T .. - ~ N -

20

-4 S

»
(]

PR ]
.
.

miscibility gap occurs in Au/Ni, whereas a complete series of solid

L

solutions is formed at high temperature in Au/Cu. In the Al/Au system,
the phase diagram predicts five stoichiometric compounds (1l4). All of
them have been detected with the samples prepared by depositing the

\ exact stoichiometry quantities of Au and Al (16). A noticeable
interfacial reaction was found in the as-deposited sample, indicating
appreciable atomic diffusion at room temperature. The objective of
this work is to determine under what conditions metastable phases or
equilibrium compounds can be formed. The influences of phase
equilibrium on the formation and structure of metastable phases are

also investigated based on the results observed on various systems.

2.2. Amorphous and Crystalline Phase Formation in
Al/Ni, Al1/Pd, and Al/Pt Thin Films

It has been suggested that an amorphous binary alley will be
formed by ion mixing of multilayered samples in which the two constit-
uent metals are of different crystalline structure when the composition
of the multilayered samples is fixed near a deep eutectic and away from
equilibrium compounds or pure metals (12). This work addresses the

question of the formation of amorphous phases when the two components

of the binary systems are of the same crystalline structure (fcc). The
Al/Pt, Al1/Pd and Al/Ni systems with the same fcc metal structure and
different intermetallic structures have thus been chosen as subjects
for this study. The structure of the ion-induced alloys has been

examined for multilayered samples with various compositions and for

bilayered samples as well,
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2.2.1, Ion Mixing of Multilayered Samples

. In these experiments, special layer structures were employed.
Multilayers, v40 mm long, 5 mm wide, of two atomic species were de-
posited in an oil-free system so that the thickness of each sublayer
varied linearly from zero to a chosen maximum over the length of the
sample with Al on one end of the samples and Ni, Pd, or Pt on the other
end (see insert in Fig. 2.1). Typically we chose 100-150 Z as maximum
thickness of each sublayer and five bilayers were deposited during each
cycle. The total thickness matches the penetration depth of the Xe
ions used for ion mixing. As for substrates, in most cases cleaved
NaCl crystals, damaged with neutrons, were used for transmission
electron microscope (TEM) studies. When only Rutherford backscattering
experiments (RBS) were planned, fine polished graphite samples were
used as substrates. The self-supporting films were made by dissolution
of the NaCl substrates in de-ionized wat ., and picked up on TEM grids
for further treatments. Some samples on NaCl substrates were annealed
and irradiated before being removed from the substrates and placed on
TEM grids. For both procedures, the same results were obtained. The

size of the films on the grids was chosen such that the average com-

position varied by about 8% from one specimen to the next. Moreover,

the whole range of the composition could be investigated by using

RIS

selected area diffraction techniques (SAD). Thermal annealing was

performed in a vacuum furnace at pressure of 1 x 10—7 Torr. 1Ion mixing

with 500-keV Xe lons was carried out at room temperature in a vacuum

better than 1 x 10—6 Torr. The composition of the as-deposited samples
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and the extent of ion mixing were determined by RBS and the crystalline
structure of the binary alloys by TEM.

The as-deposited films of Al/Pt were examined with TEM and a
sequence of lines due to both Al and Pt appeared in the diffraction
patterns. The samples were then preannealed at 350°C for 1 h and TEM
diffraction revealed the presence of several equilibrium compounds, as
indicated in the Al-Pt phase diagram. Figure 2.1 shows one set of SAD
patterns; the lattice spacings agree within 17 of data in ASTM tables.

Irradiation of the preannealed samples with 500 keV Xe to a dose
of 2 x 1014 ions cm-2 produced a transformation of the equilibrium
compounds to an amorphous phase for all of the Pt-Al binary alloys.

The same behavior was found by direct ion mixing (without preanneal) of
the multilayer samples. Backscattering showed that the layers were

14 Xe ions cm-2 and the diffraction

well mixed by a dose of 2 x 10
patterns exhibited a strong diffuse bind due to the formation of
amorphous alloys over a wide (10%-90%) range of composition. The
crystalline structure remained unchanged on samples with Al-rich or
Pt-rich (> 90%) compositions,

In the Al/Pd system, the equilibrium phase diagram shows the
presence of four compounds (Fig. 2.2). Preannealing the alternating
layers of Pd-Al resulted in the formation of all the equilibrium
compounds. After subsequent implantation with Xe at a dose of 2 x 1014
ions cm-z, TEM measurements were performed to determine the change in
the crystalline structure for those alloys. It is found that PdAl is
insensitive to ion bombardment and remains crystalline even to a dose

of 2 x 107 fons em™2, while the phases PdAl, and Pd,Al becor

3
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amorphous. It is interesting to note that a diffuse band and a
sequence of rings identified as PdAl reflection are present in the

diffraction patterns of the original Pd2A13 alloy (Fig. 2.2), which

means the decomposition of the alloy Pd,)Al3 to the PdAl and an

amorphous phase. The results of ion mixing on the as-deposited samples
are quite consistent with the above observations. The amorphous state
is found in most samples. However, the equilibrium compound PdAl can
be observed, if the compositions of the films lie in the neighborhood

of PdAl or Pd2Al3.

The effects of ion beam bombardment in the Al1/Ni system are simi-
lar to those found in the Al/Pd system. Upon irradiation to a dose of

2 x 1014 ions cm_z, NiAl_, was amorphorized, while NiAl retained its

3

crystalline structure. The stability of NiAl under irradiation has
previously been demonstrated with 2.5-MeV Ni iecr bombardment. The

transformation of NiZAl3 to the Ni'l crystalline phase plus amorphous

mixtures has also been observed as in the case of Pd2A13. We found
that Ni_Al did not become completely amorphous; several faint lines are

3
present in the diffraction patterns after irradiation with 2 x 1015 ion

cm-z. The SAD pattern in Fig. 2.3 shows the change in the crystalline

> Xe <:m—2 implant

structures for the different compounds after 2 x 10l
at 500 keV. For direct ion mixing of the multilayer samples without
preanneal, TEM diffraction showed that only the intermetallic phase
NiAl could be readily formed. The formation of NiAl has also been
found for an Al single crystal implanted with Ni, followed by pulsed

e-beam annealing (17). Crystallites of AINi were observed in an amor-

phous matrix without trace of the other crystalline compounds.
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2.2.2. 1lon Mixing of Bilayered Samples

RBS spectra taken from ion mixed Pt/Al bilayers showed signs of
step evolution as early in dose as 2.5 x 1014 Xe ions cm-z. Electron
diffraction examination of mixed bilayers revealed the presence of 2
diffuse bands in addition to signs from Pt and Al in the diffraction
pattern. As the dose was increased the intensity of the diffuse band
was also found to increase while the Pt diffraction intensity de-
creased. Further increases in dose resulted in the total attenuation
of the Pt signal and only diffraction from Al and an amorphous phase
was observed (Fig. 2.4). This condition persists up to the final dose
of 12 x 1015 Xe ions cm_z. There is no evidence for the presence of
crystal compounds.

Electron diffraction patterns taken of Pd/Al lLilayer samples
irradiated with ion doses ranging from 5 x 1014 cm"2 to 12 x 1015 cm“2
revealed that the only crystallit phase formed was PdAl. The for-
mation of the compound PdAl took place at the lowest mixing dose used.
With a further increase in dose, the attenuation of the Pd signal and
the development of a diffuse ring were observed. In addition, reflec-
tions from PdAl and Al were still present in the diffraction patterns.

When ion mixed samples of Al1/Ni bilayers were examined by elec-
tron diffraction it was found that the only ion induced crystalline
compound present was NiAl. Diffraction confirmed the presence of this
intermetallic compound at doses ranging from 1 x 1015 to 12 x 1015 ions

cm_z. At a dose of v 6 x 1015 ions cm—2 a diffuse band appears in the

diffraction pattern indicating the presence of an ion induced amorphous
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phase. Both the amorphous and NiAl phases were observed by diffraction

up to the maximum dose.

2.2.3., Discussion

The effect of ion mixing on multilayered samples in a metal-metal
system is strongly correlated with the sensitivity of the equilibrium
compounds to ion beam bombardment. An explanation for the observed
variation in the behavior of the alloys is suggested by a comparison of
their crystalline structures. Table 2.1 gives the crystallographic
data on the binary alloys in the three systems (18).

Based on this comparison we would attribute the difference in
radiation sensitivity to the difference in the crystal structure of the
alloys. As an example, PdAl and NiAl are simple cubic structures with
two atoms in the unit cell, and are able to survive under ion irradi-
ation. The phase N13A1 did not become completely amorphous; it has
four atoms per urnit cell. The other, more complex, structures became
amorphous.

With ion irradiation of bilayered samples the system is free to

seek a possible preferred composition for the mixing region as compared

to the multilayered samples in which the average composition is fixed

ChENE
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e 0 0 0,
T

by the relative thickness of the respective layers of the constituents.

TV
D

From this consideration one would expect that the result of ion mixing

b

;, in bilayers might differ from that in multilayers. The present inves-
?&t tigations clearly demonstrate that the outcome of jon mixing is con-
5§' strained by the process itself, independent of the sample configura-
;g tion,
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Table 2.1. Crystalline structure of the binary alloys in Al/Pt,
Al/Pd and Al/Ni systems

Al/Pt Al/Pd Al/Ni
Compound Structure Compound Structure Compound Structure
A12Pt cF12 A13Pd oP16 A13Ni oP16
AlPt cP8 A13Pd2 hP5 A13N12 hP5
A13Pt5 oP16 AlPd cP2 AINi cP2
AlPt3 tP4 AlPd2 oP12 AlNi3 cP4

Remarks: c¢, h, o, and t refer to cubic, hexagonal, orthorhombic, and
tetragonal. F and P refer to all face centered and primitive.
Numbers refer to the number of atoms in the unit cell.
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The ion-induced amorphorization process is thought to occur as
follows. As ions penetrate into the sample, the kinetic energies are
rapidly deposited in a local region surrounding the ion track. This
nonequilibrium localized zone with highly energetic atoms is considered
to quench to the lattice temperature rapidly after the collision cas-
cade (19). During this relaxation period atoms attempt to rearrange
themselves. If the relaxation time is sufficient for precipitates to
nucleate, crystalline phase formation may be achieved. The time re-
quired for nucleation is strongly influenced by the temperature, the
crystalline structure of nuclei and the composition of the films which
have been homogenized with thermal treatments or ion beams. If the
overall composition is not close to that of the compound with a simple
crystalline structure and there is not a strong chemical driving force
to promote a significant atomic motirn, crystalline phase formation may

be inhibited.

2.3. Extension of Solid Solubilities in Au/Ni and Au/V Bilayers

Previous observations (11) on ion mixing of multilayered samples
consisting of two elements showed that in the Au-Ni system, single
phase fcc solid solutions over an entire range of composition have been
produced and that in the Au-V system, the Au-rich alloys exhibited a
fce structure while the V-rich alloys exhibited a becc structure. In
the present work, we report experimental observation of ion-beam-mixing

in Au/Ni and Au/V bilavers.
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2.3.1. 1Ion Mixing of Au and Ni

We deposited Au and Ni on SiO, substrates sequentially, then

I5 -2

2

irradiated the samples with Xe ions. At a dose of 1 x 10 cm , a

change in slope at the interface edge of Au and Ni profiles in the
backscattering spectrum revealed that intermixing began to develop.
With increasing dose, both the slopes and the heights of Au and Ni
signals progressively reduced, indicating continuing penetration (Fig.
2.5). After bombardment to a dose of 6 x 1015 cm-z, Au and Ni were
totally mixed with a graded composition and a distribution of Au out to
the free surface. X-ray analysis showed broadening of reflections at
the positions corresponding to that from pure Au and Ni, indicating the
formation of solid solutions with various compositions (Fig. 2.6). The
removal of Ni by sputtering could be clzarly seen by the shift of the
Si spectrum to higher energy. The TEM observations were consistent
with x-ray diffracti.-n and backscattering measurements. The samples
were investigated with TEM using selected area diffraction techniques.
As the ion dose is increased, the diffraction rings of Ni and Au
undergo broadening indicating the incorporation of Au into the Ni
lattice and vice versa.

The equilibrium phase diagram of Au~Ni shows that Au and Ni are
completely soluble at temperatures above 800°C, but a miscibility gap
exists at low temperatures. The production of continuous series of
solid solutions in the present study with bilayers combined with the
previous results obtained in ion mixing of Au/Ni multilayers indicates

that ifon mixing can overcome the constraint of miscibility between two

elements irrespective of the sample configuration,
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2.3.2. Ion Mixing of Au and V

We deposited Au and V on SiO, or NaCl substrates sequentially,

2
then irradiated the samples with Xe ions. The thickness of the samples
was designed to be approximately equal to the value of Rp + 2ARp of the
irradiated ion. Rp is the projected range of the ion and ARp is the
standard deviation. RBS spectra showed continuing intermixing of the
two elements with increased doses. Electron diffraction patterns taken

of bilayers reacted with ion doses ranging from 2 x 1015 cm—2 to 1 x

1016 cm-'2 revealed no traces of equilibrium compounds. The formation
of solid solutions was observed at the lowest mixing dose used. The
original V diffraction rings shifted toward the central spot while the
Au rings shifted in the opposite direction (Fig. 2.7). As the ion dose
was increased, the diffraction rings were progressively displaced. At
the same time, continuing atte<nuation of the diffraction signals
occurred due to 'he removal of Au and V by sputtering.

The phase diagram of Au-V is markedly different from that of Au-
Ni. Three ordered phases are present with compositions centered around
Au

v, Au2V, and AuV In this work, fcc solutions were formed with the

4 3°
lattice parameters slightly smaller than that of pure Au due to the

incorporation of V into the Au lattice. Simultaneously, bcc solutions
were produced with the lattice parameters slightly larger than that of

pure V due to the incorporation of Au into the V lattice. The results

are consistent with that reported by Tsaur et al. (11), who found with

ion mixing of Au/V multilayers, supersaturated fcc and bec solutions

were obtained without forming the ordered phases.
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The constitution diagram shown in Fig. 2.7 indicates that the Au
solid solution extends from pure Au to about 52 at. % Au and the or-
dered compounds of Au4V and Au2V are formed at temperatures of 565 and
735°C respectively by a disorder-order transition (20). Ion mixing of
Au and V with multilayered or bilayered samples produced the fcc solid
solution with no evidence for the presence of the ordered phases., As
ion irradiation is a non-equilibrium process, the atomic distribution
in a mixed layer is likely to be random in nature. The formation of a
disordered solid solution is kinetically more favorable than that of an
ordered phase, because the latter requires a high atomic mobility.

For multilayered samples with a composition Au 5» @ bece solid

25V7
solution was observed. Similar results were recently found in the
quenched alloys, where V-rich solid solution was produced with a broad
composition range from purs V to 68 at. ZV (21). The kinetics of the
transformatio: from the quenched metastable solid solution (a phase) to
the intermetallic compound corresponding to the approximate composition
AuV3 (B phase) were studied by means of electrical resistivity measure-
ments. The transformation began at 600°C, while the B phase trans-
formed to the o phase at 1280°, which was then stable up to the
solidus. This experiment provided experimental data to determine a new
equilibrium phase diagram as shown in Fig. 2.7. From the new phase
diagram, one would expect that thermodynamics favors the production of
solid solution rather than that of amorphous mixtures, when the forma-

tion of the B phase is kinetically suppressed. This is indeed the

case, as we found in the mixing of Au and V.
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2.4, Ton Induced Solid Solution and Ordered Compound
Formation in Au/Cu Bilayers

In the present study we have investigated the ion beam mixing of
Au/Cu bilayers. The equilibrium phase diagram in the Au-Cu system
shows that a complete series of solid solutions is formed at high
temperature, and that several ordered compounds exist at low tempera-
ture all of which have been extensively studied in thermal annealing
(l4). Au-Cu solid solutions have previously been produced by direct
implantation of Au into single crystal Cu or by ion mixing of Au films
with single crystal Cu substrates (22, 23). The concentration of Au at
peak of the distribution is about 10 at. %. Considerable efforts have
been put into the study of ordering-disordering transitions by electron
and neutron bombardment using electrical resistivity measurerments (24-
26). The purpose of the present work is to investigate the possibility
of producing ordered compounds by ion mixing. Our approach is to study
the effect of the temperature and ion species on the mixing of Au/Cu
bi’ayers. The polycrystal bilayers were used for investigating che
amount of mixing versus ion dose and the single crystal bilayers for
studying the formation of solid solutions and ordered compound in the

Au-Cu system.

2.4.1. Experimental

Thin bilayers of polycrystal Au and Cu were sequentially
evaporated onto SiO2 substrates at a pressure of v 5 x 10-7 torr. The

total thickness of the bilayers was roughly equal to Rp + 24Rp.

Energetic Xe ions were employed with doses ranging from 1 x 1015 to 8 x

1015 ions cm-z. The samples were held on the sample holder by a thin

¥




.- layer of heat sink compound to ensure adequate thermal contact. The
NN current densities were kept at 0.5 pA cm.2 or below so that beam heat-
;5? ing of the sample was negligible.

. Single crystal bilayers of Au and Cu were prepared by the sequen-
tial deposition of Au and Cu onto NaCl single crystal substrates, which
s were previously damaged by neutron irradiation and cleaved prior to

- loading into the evaporation system. After evacuation to 1 x 10—6
torr, the substrates were heated to 350°C and Au layers 700 2 thick
were deposited on the substrates. When the samples were cooled down to
50°C in the deposition chamber, Cu layers 700° ; thick were evaporated
on top. The samples were then irradiated with 250 keV Ar ions at
temperatures ranging from 20°C to 200°C. The temperature was monitored
with a thermal-couple a:tached to the sample holder. The sample normal
was misaligned ag~inst the beam by 7° to avoid channeling effects. To
insur: the reactions observed at high temperature are not caused by
thermal effects, a control sample, which was mounted on the same
heating stage but shielded from ion beam, was used to monitor the
reaction induced by thermal heating. No detectable reaction was
observed for the control samples in this experiment. Thermal treat-

ments were carried out in situ using a TEM heating stage at a pressure

7

-6 . -
better than 1 x 10 torr or in a vacuum furnace at pressure 1 x 10
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2.4.2. Results 3

A. Polycrystal Au/Cu Bilayers

After irradiation of polycrystal bilayers with Xe, ion backscat-
tering analysis revealed a change in slopes of the Au and Cu profiles
(Fig. 2.8), indicating intermixing of Au and Cu. As the dose was
increased, the slopes decreased. The depth profile of composition was
plotted in Fig. 2.9 using the data from Fig. 2.8. It is clear that Au
and Cu were totally mixed with a graded composition at a dose above 4 x
101 ions cm_z. The structure change of the samples at various stages
of ion mixing were examined by x-ray diffraction. A broadening of the
Au and Cu reflection lines was observed, thus indicating the formation
of solid solutions with various compositions (Fig. 2.10). The amount
of broadening incrzased with increased ion dose. TEM observations were
consistent with x~-ray diffraction and backscattering measurements,
jelected area diffraction techniques showed that the diffraction rings
of Au and Cu undergo progressively broadening with increasing doses.

No other compounds were identified during the room-temperature mixing
process. In irradiated samples annealed at 350°C for ! hr, a

crystalline phase was observed and identified as the ordered compound

of CuAu,

B. Single Crystal Au/Cu Bilayers

The single crystal bilayers provide a suitable medium for the
study of solid solutions and ordered compounds in this work. Single

crystal bilayers were irradiated at room temperature with Ar ions of

250 keV. Intermixing of Au and Cu took place at a dose of 3 x 1015
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- Figure 2.8. 1Ion backscattering spectra for SiOZ/Au(poly)/Cu(poly)
e samples bombarded with 600 keV Xe ions to Vvarious doses at room
y temperature.
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Figure 2.9. Depth profiles of the composition in the mixed layers for

SiOZ/Au(polyMCu(poly)_ﬁamples bombarded with 600 keV_Ye ions to a
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Figure 2.10. X-ray diffraction patterns for SiO,/Au(poly)/Cu(poly)
samples bombarded with 600 keV Xe ions to various doses at room
temperature showing continuing broadening of the Au and Cu re-
flection lines., Annealing of the irradiated samples results in
the transformation of solid solutions to the ordered compound of
AuCu,
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ions cm-z, and continued to develop with dose. After bombardment to a
dose of 3 x 1016 ions cm-z, Au and Cu were completely mixed with a dis-
tribution of Au out to the free surface (Fig. 2.11). Electron diffrac-
tion examination showed that Au and Cu had formed substitutional solid
solution (Fig. 2.12a). Subsequent heat treatment of the irradiated
sample at 350°C for 1 hr resulted in the formation of an ordered com-
pound as indicated by the presence of superlattice reflections in the
diffraction patterns. These superlattice reflections have mixed khl
indices which are not permitted for the fcc structure of the random
Au-Cu solid solution. This transformation to an ordered compound was
also observed when the bilayers were either irradiated with 250 keV Ar

ions at 200°C or irradiated with Ar ions at room temperature followed

by 50 keV He ions irradiation at 60°C (Fig. 2.12b). Annealing in situ
using a TEM heating stage resulted in an increase in the intensity of
the superlattice reflections. The results of annealing an irradiated
sample at 350°C for 1 hr is illustrated in the diffraction pattern of
Fig. 2.12¢c. The central spot corresponds to the undeviated beam; the
four sets of intense fourfold satellite spots correspond to the (110)
point of the fundamental reciprocal lattice, being split into four; the
(020) spot is also surrounded by new spots. The fourfold satellite

spots are typical for the superlattice CuAu with antiphase domain

boundaries (27).

2.4.3, Discussion
Au-Cu solid solutions with a graded composition have been formed

by irradiation of Au/Cu bilayers with Xe or Ar ions at room tempera-
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Figure 2.11. Ion béckscattering spectra for the single crystal bilfger
of_éu and Cu irradiated with 250 keV Ar ions to a dose of 3x10
cm ~ at room temperature,
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ture. The previous investigation of ion induced reaction showed that
the direct implantation of Au into single crystal Cu resulted in the
formation of substitutional solid solution (22). A similar result has
been obtained by the mixing of Au films on single crystal Cu substrates
(23). The concentration of Au at the peak of distribution was about 10
at % and was mainly limited by sputtering. In this work the solubility
was extended over the whole range of the composition by the mixing of
Cu on Au.

In the present study, both x~ray diffraction and electron
diffraction did not reveal any crystal compound in the mixed layers
after the irradiation with Xe or Ar ions although the equilibrium phase

diagram shows the presence of ordered compounds of Cu,Au, CuAu, and

3

CuAu3. Similar results have previously been reported in ion mixing of
Pt/Al bilayers, where Pt was gradually mixed with Al with no trace of
intermetallic compound during Xe ion bombardment. A distinct
difference in ion induced metastatle alloys exirts between the two
systems. Au is mixed with Cu to form substitutional solid solutionms,
while Pt reacts with Al to form an amorphous mixture. These

observations are closely related to the common features of ion mixing

and the different thermodynamic behaviors in the two systems. Ion

mixing can be considered as a rapid quench process within the framework
P of an energy spike model (28-30). In general, the time scale on which
A

rﬁ the energy spike occurs is smaller than that for nucleation of

crystalline compounds with complex structures. Thus the formation of

complex structured compounds is suppressed, as we found in the Au-Cu

and Pt-Al systems. As long as the formation of ordered compound is
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prohibited in Au-Cu, the extension of solubility by ion beam becomes

. energetically favored because Au and Cu are soluble at high
temperature. As a result of ion mixing, substitutional solid solutions
- are formed. In contrast, the terminal solubilities in Al-Pt are
limited to be about 1-3 at 7% even at high temperature. Although
thermodynamics favor the formation of a compositionally segregated
state containing Al-rich and Pt~-rich solid solutions, the phase

I separation can not be achieved due to kinetic restriction, leading to

the formation of amorphous mixtures. After the energy spike subsides,

the presence of radiation induced defects can enhance atomic diffusion.
However, atomic diffusion is not appreciable at room temperature (26),
thus non-equilibrium states are retained in the Au-Cu and Al-Pt
systems.

As radiation enhanced diffusion is a thermally activated process,
appreciable atomic diffusion can occur at elevated target temperatures.
Consequently, the as-implanted system acquires thermal equilibrium and
equilibrium phases are formed. In this study when the implantation is
performed with Ar ions at 200°C, the mixed atoms make a local redis-

tribution to form an ordered compound with the aid of radiation induced

defects at elevated temperature. The formation of an ordered compound
has also been achieved by irradiation with Ar ions at room temperature
followed by irradiation with He ions at 60°C. The temperature at which
the formation of ordered compounds takes place depends on the mass of
the bombarding ions due to the difference in the energy density de-
posited by ions (31). Under Ar ion irradiation, the defects were

created within the cascade regions and become trapped. Then only few
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defects contribute to the equilibrium phase formation, so that a high
temperature is required for the ordered state to be established. Under
He ion irradiation, the defects are created homogeneously. Thus a low
temperature is sufficient for the local rearrangement of atoms. The
transformation of substitutional solid solution to the ordered compound
by He implantation follows the behavior noted in the long-range order-
ing under electron and neutron irradiation; when a partially ordered
alloy was bombarded at a relatively high temperature, the electrical
resistivity of the irradiated material drastically decreased (32).

2.5. Equilibrium Compound Formation by Ion Beams in Au-Al
Bilayers and Multilayers

The phase diagram of the Au-Al system predicts five stoichio-
metric compounds, among which AlAu2 and AuAl2 have melting point maxima
and all others form peritectically (14). Thermally induced reactions
in the Au-Al system have been investigated (16). In the thin film
couples, Aleu5 is formed initially during deposition, then AlAu2 forms
and grows at temperature less than 100°C. Subsequent annealing results
in the formation of various compounds depending on the relative
quantity of material available. In the case where Al >> Au, the
formation of A12Au is observed after all the Au has been consumed. The
characteristic of the phase diagram is similar to that in the other
Al-tased systems where several intermetallic alloys exist with limited
terminal solubilities, whereas the kinetics in the Au-Al system is

uniquely featured by the high reaction rate at relatively low

temperatures. The present investigation shows that the high atomic
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mobility at room temperature greatly affects the phase formation by ion
beams.

Samples were prepared by sequential deposition in an oil free

[

vacuum system at pressure of 2 x 10-'7 Torr. Multilayered samples were
prepared by deposition of alternating Au and Al layers on NaCl sub-
strates. The thickness of each sublayer was varied linearly from zero
to 150 ; over the length of the sample with Al on one end and Au on the
other end. The conventional bilayers were deposited on SiO2
substrates.

A series of multilayered samples was prepared with various compo-
sitions and the structure of each sample was examined by transmission
electron microscope before and after ion irradiation. The results are
summarized in Fig. 2.13, superimposed on the equilibrium Au-Al binary
phase diagram. Diffraction measurements indicated the presence of
and AlAu, with a small amount of Al Au in the

Us 2 2

as-deposited samples over a large range of composition. After irradi-

polycrystalline A12A

ation with Xe ions at a dose of 1 x 1015 ions cm_z, equilibrium com-
pounds as well as metastable alloys were observed. A solid solution
was produced for the samples with a composition close to either side of
the phase diagram. A metallic glass alloy was observed within the
range A125Au75 to Al AuBS' Within the remaining interval, either

15

Aleu, AlAu2

film composition.

or a mixture of the two phases was formed depending on the

With the bilayered samples just after deposition, backscattering
analysis revealed no noticeable interfacial reaction between Au and Al

films. After bilayers were subjected to Xe irradiation, backscattering
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Figure 2.13. a) Equilibrium phase diagram of Au-Al, b) Composition
range over which the different phases have been observed before
and after ion irradiation
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spectra showed a step in the Au and Al profiles, which implied the

formation of a mixed layer with a composition of AlAu, (Fig. 2.l4a). A

2

prolonged irradiation resulted in the consumptrion of all the Au film

and, later, the formation of Aleu at the Al/AlAu, interface (Fig.

2

2.14b). Ion mixing was found to be less efficient in the formation of

Aleu than in the formation of AlAuz. For instance, up to a dose of 4

X 1015 ions cm_z, only one fourth of AlAu, converted into A12Au,

2

whereas the dose required for the conversion of all the Au film into

AlAu2 is about 1 x 1015 ions cm
There are two major features in the present investigation, that

is, the formation of complex structured compounds by ion mixing and the
correlation in the phase formation between ion mixing and thermal
annealing. As is stated in sections 2.2-1,4, the formation of com-
pounds with greater complex structur-s than the cesium chloride struc-
ture is suppressed due ‘o kinetic restriction. We believe that the
formation of AlAu2 and AuAl2 by ion mixing is attributed to the ap-

preciable atomic diffusion at room temperature. The support comes from

the observation of thermal reactions in the Au-Al system where a
noticeable interfacial reaction is observed at room temperatures.

It is known that initial reactions in ion mixing and thermal

annealing result in identical compound formation with the systems con-

g sisted of Si and the near-noble elements (9). Such a correlation has

\‘, not been found in most metal-metal systems. For instance, room

b

b - ..

R temperature Xe ion irradiation of a Ni layer on Al results in the

»

i’. production of NiAl with the cesium chloride structure although thermal

annealing shows the formation of crystalline NiAl This observation
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conceivably indicates that even when the formation of a particular
compound is thermodynamically favored, actual crystalline compound
formation is restricted by the high quench rate in the cascade unless
there is sufficient atomic mobility. In the present Au/Al case,
appreciable atomic diffusion o.curs at the irradiation temperature so
that the implanted system acquires thermal equilibrium within implan-
tation time. As a result of ion mixing, equilibrium compounds are
formed that are correlated with compounds obtained with conventional
thermal annealing.

2.6. Correlation Between the Structure of Metastable Phases
and the Equilibrium Phase Diagram

In the previous sections, we show that when atomic transport is
not appreciable at implantation temperatures, the formation of
equilibrium compounds with complex structures is suppressed due to
kinetic restrictions, leading to formation of crystalline phases with
simple structures, such as solid solution and simple cubic, or amor-
phous alloys. When appreciable atomic diffusion occurs at target
temperature, equilibrium compounds are formed that are correlated with

compounds formed during conventional thermal anneaiing. Table 2.2

summarized the essential observation of alloy phases produced by ion
mixing at room temperature reported in the literature and in the
present study. Metastable alloys are formed for most of the systems
investigated, whereas equilibrium compounds are only observed in a few
Al-based systems. We speculate that the vacancy migration energy in Al
has the lowest value of 0.62 eV among metals (33), thus thermally

activated diffusion of irradiation produced defects could contribute
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i Table 2.2. Ion-induced phase formation in binary metal systems

Phase Observed Binary Metal Systems

Solid Solution Au-Ni (11,*), Au=-V (11,*), Au-Co (11), Au-Fe (11)

Ag-Cu (34), Ag-Ni (35), Co-Cu (1), Co~Cr (36),

Au-Cu (*)

Amorphous Alloys Mo-Ru (37), Mo-~Co (37), Ti-Au (37), Ti-Ni (37)

Ni-Mo (37), Ni-Nb (37), Ni-Er (37), Al-Nb (37)

Al-Pt (*), Fe-W (38), Cu-Ta (39), Al-Pd (*),

Al-Ni (%)

Equilibrium Compounds Al-Pd (*), Al-Ni (*), Al-Au (*)

Remarks: (*) refers to the present work.
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- appreciably to the formation of equilibrium compounds at room

[.. temperature.

' As is shown in Table 2.2, ion mixing is well suited for meta-

,

stable phase formation. The question of our concern is how to predict
the structure of metastable alloys. In the literature, a rule has been
proposed to determine whether crystalline solid solutions or amorphous
binary alloys are formed upon ion mixing (10, 12). The rule states
that when the two components of the binary system have the same
crystalline structure, but exhibit a miscibility gap in the phase dia-
gram, supersaturated solid solutions are obtained. On the other hand,
when the crystal structures of the two components are different, the
tendency is to form amorphous alloys. From the present investigation,
however, we found that Au and V are of different structure, but super-
saturated fcc and bece solutions are formed; Al and Pt have the same fce
structure, whereas amorphous alloys are observed over a wide range of
composition. It appears that a systematic survey is necessary.

In this section, we report that the structures of metastable

alloys are correlated to the commonly available phase diagram of the
investigated system. Based on a comparison of the phase diagrams in
the systems for which crystalline solid solutions are produced upon ion
mixing, we can classify those systems into three categories: (1)
simple eutectic systems, such as Ag-Cu, Au-Co, and Cu-Cr (14), (2)
systems with a miscibility gap, such as Au-Fe, Au-Ni, Co~Cu, and Ag-Ni
(14), and (3) systems with pronounced solubility at high temperature
and several ordered compounds formed by disorder-order transition (14)

(Au-Cu and Au-V) or eutectoid reaction (20) (Au-V), In the first and

. . S e et e e . P .‘..
- - ce BRI et L ce e - L T K T T . . - P A S I
A e AU S S Y - - S, S et S N T PRI TR W
B AL L PP SIS NP S P AP ST Rt o YOt ST W Wit S Solf St G o ST Be S ala atatatataatay




57

- second categories, the equilibrium phase diagram does not exhibit the
- presence of intermetallic alloys. In the third one, ordered compounds
.. are transformed from a supersaturated solid solution and a reverse

transformation occurs at high temperatures (14, 21). On the other hand,
.- the systems for which amorphous alloys are produced by ion mixing are
:: characterized by the presence of several intermediate phases with
_ limited terminal solubilities between two constituents. Available
\
¢ experimental data indicate that the correlation is valid for all the
:
¥
j investigated systems with Cu-Ta standing out as an exception, where an
by amorphous structure has been observed although Cu and Ta, similar to Ag
hS
; and Ni, is an immiscible system (39).
{
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APPENDIX A

James W. Mayer
Students Carrying Out Research With Backscattering Facility
Graduate Students

Larry Doolittle August 1980 - present

Thermodynamics and kinetics of thin film
compound formation

Greg Galvin August 1980 - present :
: Transient measurements of pulsed laser
annealing dynamics -

Liang Sun Hung August 1980 - present
Ion beam mixing

Mike Thompson December 1980 - present
Energy coupling during pulsed laser annealing

Mike Nastasi January 1981 - present
Ion beam mixing

Long Ru Zheng ’ January 1981 - present
~Lateral silicides

Rich Fastow June 1981 - present
Pulsed ion beam annealing

Karen Kavanagh January 1982 - present
GaAs contéacts

Evan Colean July 1982 - present
Electromigration in VLSI

Edmund Zingu August 1982 - July 1983
Silicide formation (Pd and Cr)
(one year study leave from Univ. W. Cape,
S. Africa)

Charles Barbour tarch 1983 - present
EELS study of silicides
(August 1980 - March 1983 with Seidman)

Joyce Liu September 1983 - present
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Thin Film Interactions Group
Bard Hall

Visiting Scientists and Postdoctoral Ass
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January 1984

ociates

Lih J. Chen

" o K IRV ol il o C .
5 oo — CASAARA, " JUNS
.

Chris Palmstrom

Giampiero Ottaviani

Giuseppe Majni

Jozsef Gyulai

. ) “if I m v 7 [ l._ f‘ l‘_ Ill‘.;'f_"'_v!‘- e,

Rene Pretorius

Istvan Krafcsik

Ed Kennedy

J. Olufemi Olowolafe

....................

October 1980 - September 1981

National Tsing Hua University, Taiwan

Electron microscopy studies of silicide
formation

November 1980 - present
Ph.D., University of LEEDS
Thin film metal alloys on Si and GaAs

May 1981 - July 1981, June 1982
Institute of Physics, Univ. of Modena, Italy
Silicides

June 1981 - August 1981
Institute of Physics, Univ. of Modena, Italy
Lateral silicides

October 1981 - December 1982

Central Research Institute for Physics,
Budapest, Hungary

Pulsed jon beam induced reactions

October 1981

Southern Universities Nuclear Institute,
South Africa

Silicides

July 1982 - December 1982
MEV, Budapest, Hungary
Metal/metal thin film reactions

June 1983 - August 1983
Holy Cross University
Al profiling by nuclear reaction analysis

September 1983 - present

University of Ife, Ile-Ife Nigeria
Metal-Semiconductor Interactions
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APPENDIX C

Rutherford Backscattering Facility Cornell Users

Materials Science &

Engineering

Prof. Kramer

Prof. Kramer

Peter Green

Peter Mills

Peter Mills &
Russ Composto

Russ Composto

John Romanelli
Claudine Cohen
Claudine Cohen &
Bi1l Vanderlinde
(Prof. Ruoff)
Phil Miller

Bob Bubeck
(Dow Chemical)

Ron Lasky
Larry Berger
Steve Hudson

Prof. Kramer &
Peter Mills

diffusion of chlorinated hydrocarbon developer
into polymer photeoresists

quantitative analysis of metal "seeds" on polymer
circuit boards

marker motion in polymer-polymer diffusionr
analysis of brominated and iodated polystyrene

quantitative determination of broken bands on a
polymer fracture surface

interdiffusion in polymer blends
(polystyrene-polyphenylene oxide) studied by
staining with Br

interdiffusion between polystyrene and
polybromostyrene

iodine diffusion into polyimides

effect of pretreatments on etching of epoxies by
chromic sulfuric acid

diffusion of iodine into reactive ion beam etched
polyimides

evaporation of residual solvent in polymer films
iodoethanol diffusion into multilayer polymers

diffusion of environmental stress cracking agents
into polyethylene

Case II (non-Fickian) diffusion of iodated
organics into polystyrene

determination of chemical composition of
multilayer polymer films by heavy atom staining

staining of electron irradiated polymers with
jodine

Elastic recoil analysis if interdiffusion of
deuterated polystyrene and hydrogenated
polystyrene
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Prof Grubb

Jay Liu

Don Morel

Martha Huggard
Prof. Sass
Kurt Sickafus
John Budai
Prof. Ast

Brian Cunningham

Dave Lilienfeld

Dave Lilienfeld &

Tim Sullivan

Fritz Stafford

Peter Zielinski
Prof. Johnson
Dave Kuhn
Alexandra Elve
Lauren Heitner
Prof. Blakely
Dave Fowler
Prof. Carter
Steve Chen &
Karen Kavana§h

(Prof. Mayer

Yonn Kouh &
Ivar Reimanis
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staining of polyethylene by chlorosulfonic acid
followed by uranium acetate

RuOq staining of crystalline and amorphous
isotactic polystyrene

0504 reactions with polystyrene surfaces

thickness and uniformity of spun polyimide films

thickness and impurity concentrations in Fe films

segregation of Ag in Au bicrystals

channeling and impurity studies of ribbon solar
cell Si

amorphous Si layer thickness

Au diffusion in metallic glasses

low temperature Cu diffusion in Si

defect characterization in implanted & annealed
silicon-on-sapphire

Composition of CuZr metallic glass ribbons
measurement of Pd layer thickness

hydrogen profiles in metals

hydrogen diffusion in Pd

measurement of oxide thickness on Be

silicides and metals on GaAs

formation of spinels, interdiffusion of Ni and Cr
oxides with sapphire
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;Ef; 8. Prof. Ruoff
(E . K. Balasubramanyam - Ag diffusion in inorganic resists
i Tim Whetten - damage profiles in sputtered diamond
{fif measurement of germanium selenide thickness
%{: Bill Vanderlinde & - diffusion of iodine into reactive ion beam etched
) Claudine Cohen polyimides
k (Prof. Kramer)
.;?%% B. Electrical Engineering
o 1. Prof. Eastman
Charles Fisher - analysis of III-V MBE layers
Collin Wood - studies of InSb-Bi compounds
7: Collin Stanley - analysis of GaAllnAs composition
Eii' Mark Hollis - AuGeNi contacts to GaAs
isgi Susan Palmateer - implantation in GaAs; GaAlAs
(;u. Sayan Mukherjee -  silicides on GaAs
Peter Kirchner - ohmic contacts to GaAs
2. Prof. Tang
' John Kurmer - B implantation damage profiles in L1'Nb03
:;Ti waveguides
;;2‘ C. National Submicron Facility
i 1. . Ilesanmi Adesida -  Ta-silicide studies
-.:;; 2. Prof. Wolf
Jeff Chinn - Pt, Ta, Ti, and Mo silicide studies
Ming Zhang - Ti, Mo - Silicides
': D. Chemical Engineering
: 1. Prof. Merrill
fog Karel Czanderna - measurement of Al oxide thicknesses
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Applied and Engineering Physics

Gerhard Schmidt
Prof. Wolga
Natalie Gluck
Prof. Webb

Joe Mantese

Chemistry

Prof. Morrison

Al Galuska

Paul Chu

sputtered film thickness and impurity content

evaluation of laser CVD thin films

study of N1'-A]203 cosputtered films

standards for SIMS analysis of GaAs-GaAlAs
superlattices

AuGeNi contacts to GaAs

calibration of SIMS samples

Laboratory of Plasma Studies

Henry Sheldon

Physics

Prof. Holcomb
Paul Newman
Prof. Pohl
Tom Klitsner

Anthropology

Prof. Henderson &
Tony Wunderlee

calibration of energy analyzer for pulsed ijon beam
studies

metal contacts on silicon

analysis of thin Au films on Si

H profiles in obsidian for dating

elemental analysis of archeological samples
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APPENDIX D

Rutherford Backscattering Facility - Qutside of Cornell Users

General Electric - Dave Skelly, Jim Im
Metals on Si and Si0p

Penn State University - Prof. Fonash, Arilio Clements, Rarbin Singt
Ion beam etching of Si, Influence of ion beam etching of Si prior to
metal/Si reactions

UC San Diego - S.S. Lau, Charles Hewitt,

Ion beam mixing, Pulsed ion beam annealing of alloys, Metallization
to GaAs

Northeastern University - Marwitz
P& on Si

Santa Barbara Research - Larry Lapides
Sb-Bi on glass

IBM Burlington - Bruce Bertelsen, Woo Choi
Refractory metal silicides

IBM Yorktown/Technion - Moshe Eizenberg
Metallizations to Si, Thermal and pulsed ion beam annealing

US Army-Watertown - Forrest Burns
Antireflection coating studies

Bell Labs - Barry Wilkins, Walt Augustyniack
GaAlAs/GaAs and graphite channeling studies

Xerox - Joe Mort, Len Brillson, Lee Grunes, Herald Richter
Hydrogenated silicon, Metals on III-V semiconductors {(laser annealed)

RCA - Charles Magee
Silicide studies, Oxide studies

General Ionex - Ken Purser
Oxide and metal-metal reactions, Hydrogen in uranium

Kodak - Yen Tan, !fai Lam
Diffusion studies in silver halides

IBM East Fishkill - Brian Cunningham
Al/refractory metal reactions

Surrey University - Evan Maydell
Si02/Si studies
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