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LEGIBILITY NOTICE 
A major purpose of the Techni­

cal Information Center is to provide 
the broadest dissemination possi­
ble of information contained in 
DOE's Research and Development 
Reports to business, industry, the 
academic community, and federal, 
state and local governments. 

Although a small portion of this 
report is not reproducible, it is 
being made available to expedite 
the availability of information on the 
research discussed herein. 
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Cover: Tht photograph that wrap* around tht cover If a 
panorama of the Surface Modification and Charaeterltathn 
facility. Starting to the left on the back cover, the picture 
t home an edge of the 200 kV Implantation accelerator, 
accompanying boom line, and Implantation chamber. At the 
rear to a confeitnce and computer/data anatyeut room. The 
beamltne In the right foreground hod» from a 2.5 MV Van 
de Graaff accelerator (not teen) and connect» Into the Ion 
Implantation chamber. The scientist at the rear right la 
operating electronic» utedfor Ion mattering data 
acquisition. On the front cover rear left It the Van de 
Gntaff control contóte. To the right to «noun a magnet that 
titer» lam from the Van de Graaff accelerator (not teen 
behind magnet). Four beam llnet lead from the magnet. On 
the IneMejVonf cocer the laboratory homing a 1.7 MV 
Tonnctn occtitTotor can be teen thru a Jooneoy. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of ihe United States 
Government. Neither the United Slates Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes anv legal liability or i-esronsi-
bili>y for tht accuracy, completeness, or usefulness of any information, apparatus, prcduct, or 
process disclosed, or represents that its use would not infringe privately owned righti. Refer­
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by ihe United States Government or any agency thereof The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof, 
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The Surface Modification and 
Characterization Collaborative Research 
Center (SMAC/CRC) is a unique facility 
for the alteration and characterization of 
the near-surface properties of materials. It 
is operated by the Solid State Division at 
Oak Ridge National Laboratory (ORNL) 
and is open to scientists from universities, 
industry, government, and other 
laboratories for basic and applied materials 
research. 

The SMAC/CRC facility is equipped 
with particle accelerators and high-
powered lasers which can be used to 
improve the physical, electrical, and/or 
chemical properties of solids and to create 
unique new materials not possible to 
obtain with conventional "equilibrium" 
processing techniques. Surface 
modification is achieved using such 
techniques as ion implantation doping, ion 
beam mixing, laser mixing, ion deposition, 
and laser annealing. These techniques are 
suitable for tailoring desired changes In a 
wide r*nge of metals, semiconductors, 
ceramics, and insulators. 

Changes in surface properties as a result 
of processing by these powerful tools can 
be probed with ion beams, electron 
microscopy, and other surface and bulk 
r ¿nsitive techniques. Theoretical modeling 
ami data reduction are possible using the 
extensive computer analytical support and 

services that are available to visiting 
researchers. 

The combination of processing and 
analysis capabilities at the SMAC/CRC is 
ideal for fundamental materials research. 
Scientists can study such complex 
mechanisms as melting and crystal 
growth, diffusion of atoms in materials, 
the stability of materials, 
superconductivity, radiation effects on 
materials, surface crystallography, etc. In 
addition, practical applications in friction, 
wear, corrosion, catalysis, and other fields 
can be explored. Surface modification 
researoi at ORNL has led to Important 
commercial applications. 

The collaborative aspect of the 
SMAC/CRC was established Informally In 
1982 in response to increasing requests for 
use of the research facilities. At the same 
time, a program was initiated to expand 
and improve the Center to accommodate 
additional users. Because of the complexity 
of the facilities only research performed in 
collaboration with ORNL researchers Is 
supported. The goals of these mutually 
agreeable collaborations are to utilize the 
unique capabilities of the SMAC/CRC 
facilities for fundamental research or to 
demonstrate the usefulness of surface 
modification techniques for a particular 
materials application. Routine service 
alterations or analyses are discouraged. 

MicroaiffFoctHtn pattern obtohtM fntn a ^uútécfyttút 
producá! by Jin Anting Mn km» Into At/Urn* held at 150 C 
and then kmer melting. The dlfft action peaks anata ¡0-fold 
tymmetry, <r condition not alloued by ayotaOographk: 
principie» for pet iodic toffJoct, hence the term 
'quatlcruetai'. It ho» awn found that groin* up to 2500 A 
con be produced by puleed lower melting of the Implanted 
AhMn filme. Theme unueual material» have generated much 
fundamental Intereet and fodlltle» like the SMAC/CRC are 
attempting to unravel the etructurt. 
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Alteration of the near-surface 
properties of materials is achieved 
using energetic ion beams and lasers. 
These techniques can be grouped into 
several processing categories: 

ION IMPLANTATION DOPING: 
Ions that have been mass and energy 
selected in an ion accelerator can be 
injected into s sc!id to a desired 
concentration profile. The implanted 
ions alter and may even dominate the 
electrical, chemical, mechanical, or 
optical properties of the near-surface 
region of the solid. 
DIRECT ION BEAM DEPOSITION: 
Isotopically pure thin films can be 
deposited on selected substrates by 

Alternate gcttnotuunt/uuiccn loyerv uwrv fotmea by direct 
km beam deposition (IBD) on a SiflOO) «ubjtrate. A 
schematic diagram of the wperarrwture bJ given In the 
figure. A Rutherford baefcaoottermg vecfrum Indicate* that 
the interface» between the four film» are sharp with no 
intermixing between the layer». A crom section TEM 
micrograph above glue* directly the thlckne—e» of the 
layer* and thoum with high retohirlon the near-atomic 
thorpntm of the Interface*. 
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decelerating ions extracted from an 
implantation accelerator to energies 
below the threshold for sputtering. 
ION BEAM MIXING: Ballistic 
collisions, defect production, and other 
phenomena 'nitiated when energetic 
heavy ions bombard a thin film of one 
material deposited on another can 
induce the two materials to Interact at 

their interface. Thle can often lead io 
new and unique materials properties, 
ION BEAM ANNEALING: Intense 
beams of energetic Ions can be used to 
anneal solids as a result of beam 
heating and radiation-enhanced 
diffusion. This process may occur at 
the same time the dopant atoms are 
implanted. 
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PULSED LASER ANNEALING: The 
near-surface regions of many solids 
can be melted on nanosecond time 
scales to controllable depths up to 
approximately a micron. The 
subsequent ultrarapid resolidlfication 
(quench rates from 10 6 to 10 1 2 °C/s) 
often leads to nonequilibrium materials 
properties. 
PULSED LASER MIXING: Deposited 
surface films may be mixed with the 
underlying layers using a pulsed laser 
of sufficient energy density to melt 
through the interface. 
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i 
Croa* mctkm franimiarlon electron micrograph o/ pubed 
laaer annealed amorphout tlllcon. A large grain 
pofycrjwtafllne uNcon layer on top oj a fine grain 
pofyaytteBlne layer hat regrown at the turface at a rtmiH 
of later melting. The Jark horltontal band to unmefted 
amorphout tlltcon and below that It the ayttalllne 
tubttrate. 

Excimer laser and later optica. 
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The Implantation and Ion scattering 
accelerator» at the Collaborative 
Research Center are Integrated Into 
two research areas. Each area 
Include» multiple beam line*, «enera/ 
ultrahigh vacuum pmrtmlng and 
characterisation chamber», and data 
acquisition electronic», and ha» the 
capabtlltle» for In tltu later annealing. 
In addition, there Is a sepárate later 
procemlng room and a dedicated 
computer for data analysis and 
theoretical studies. A •canning 
electron microscope Is located In 
another building. 
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ACCELERATORS SPECIES ENERGY CURRENr 

2 5 MV Van 
de Graaff 

H ' 
4 H r ' . 'He ' 
Selected gases 

0.1 2 5 MeV 
0 1 2 5 MeV 
0 5 2 5 MeV 

0 5 M A 

250 nA 
10 50 nA 

1 7 MV Tandem H ' 
H e ' 
Most heavy k>ns 

0 8 3 4 MeV 
0 8 5 1 MeV 
0 8 5 1 M«V 

6 M A 

100 nA 

200 W Ion 
implanter 

Mass < 1 8 5 amu 
Most species 
Most species 

35 180 keV 
•0 360 keV 

0 02 1 keV 

0 01 1 mA 
10 100 »iA 
10 50 uA 

urrent at maximum energy and beam diameter 

L A S E R S W A V E L E N G T H P U L S E L E N G T H P O W E R 

Pursed ruby 694 nm 15 30 nsec 3 J TEMoo 

Pursed excimer 248 nm 25nsec 0 5 J 

S E N V O L T A G E R E S O L U T I O N A T T A C H M E N T S 

JEOL JSM 840 0 2 40 kV 3 - 4 nm X ray detector, 
EBIC Imaging system 

C O M P U T E R O P E R A T I N G S Y S T E M P R I M A R Y U S E S 

POP 11,44 RSX 11M + Data reduction. 

ACCELERATOR CAPABILITIES 

Ion imptanter 200 keV. 1 -10 mA. all species 

theoretical modeling, plotting 

P R O P O S E D I ' A C U I T I E S 

USES AVAILABILITY 

Ion implantation. Ion beam deposition 1987 

L A S E R PULSE LENGTH. POWER 

Short «Jswr txcirr T 03 20 nsec pulse length. 1 J 
total energy 

USES 

Ultrarapid solidification 

AVAILABILITY 

1988 

COMPUTER 

Super mini 

USES 

Data reduction, 
theoretical simulation, 
graphics modeling 

AVAILABILITY 

1987 

B E A M D I A P R I M A R Y U S E S 

0 5 - 2 mm 
0 5 - 2 mm 
0 5 - 2 mm 

Ion beam analysis, 
channeling, 
nuclear reaction analysis 

0 5 - 2 mm 
0 5 - 2 mm 
0.5 mm-8 cm 

Ion beam analysis, 
channeling, nuclear reaction analysis 

High energy implantation, nuclear reaction analysis 

2.5 cm 
2 5 cm 
1.5 cm 

Singly charged Implantation 
Doubly charged Implantation 
Ion beam deposition 

S P O T S I Z E P R I M A R Y USES 

2 cm 

0 5 cm 

Laser annealing, laser mixing, 
rapid solidification 

P R I M A R Y USES 

Surface topography, 
elemental analysis 
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Cross section, i-conírost. scanning transmission 
electron micrograph from a silicon sample Implanted 
at 80 keV with antimony. The light areas are due to 
enhanced electron scattering from the near-Gaussian 
antimony implantation distribution. 

) used for Ion Implantation or analysis. 
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ELECTRON MICROSCOPY OF ' j 6 F e (160 keV. 4 X 1 0 1 6 / c m 2 ) 
IMPLANTED ., A l 2 0 3 

A . \ . \ t Al.f. ¡J AT 1ÜU0 C 1 In 

U X I U I / I N G LNVIRONMI. NT 
A N N L A L L U AT 1500 C 1 hr 

Hf.UUCING ENVIRONMENT 

PRECIPITATES F L > ; ! 0 4 PRECIPITATES <» Fe 

Curface modification Is used to alter mechanical properties such as surface hardness or 
fracture toughness In ceramics. The transmission electron micrograph» shown here arc 
from alpha-AlfO, Implanted with 160 keV Fe to a dose of 4 X 10" /cm* and annealed for 
1 hour In oxygen (upper left) or hydrogen (upper right). The dark region» are surface 
precipitates, the light region» are voids, both produced as a result of surface processing. 
Convergent beam electron diffraction patterns obtained from the precipitates and shown 
below the micrographs Indicate the precipitate» are Fefi, (lower left) and a-Fe (lower 
right). These samples exhibited Increased surface hardness as a result of processing. 
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The use of ton implantation and loser anncoting to 
study melting and resoHdi/ication In soaas Is 
Ukmtrattd by these Rutherford backscattertng 
spectra o/ depth distribution» o/ Cu In amorphous Si 
/oabwing laser annealing. The soNd Hne Is the as-
implanted Cu attribution. Since Cu pre/erenfiafly 
segregates Into the mete, mouement o/ Cu deeper 
into the St which occurs at the lower laser energy 
densities, is expected for a buried molten layer that 
propagate» into the aoHd. At higher energies Cu Is 
transported to the surface ami tome evaporates as 
the melt front move» to the surface. 

Scanning eJectix»» microscope at the CoAaborathw 
rfeseaich Center. 

Cioss section transmission electron micrograph of 
Geil 11) after room temperature implantation of 5 X 
10" in/cm* at 120 keV. The heavy km irradiation 
initially amorphlses the near-surface region. 
Additional Implantation initiates a morphological 
instability in the amorphous Ge which erupts to form 
surface craters. 

Computer fatllny at the CoBaboratrae 



In situ characterization of the near-
surface region of samples processed at 
the SMAC/CRC is possible using ion 
beam and surface analytical 
techniques. 
ION SCATTERING: Positive ion 
scattering provides a nondestructive, 
mass specific quantitative, and depth 
sensitive profile of the near-surface 
stoichlometry of virtually any solid. 
Specific techniques include Rutherford 
backscattering, enhanced elastic 
backscattering. elastic recoil detection, 
and others. 
POSITIVE ION CHANNELING: The 
channeling phenomenon of positive 
ions in single crystals can be used to 
monitor lattice perfection and/or ion 
damage, locate positions of impurity 
atoms In the lattice, deduce annealing 
behavior, determine Impurity diffusion 
and Interactions, Investigate stopping 
powers and atomic interaction 
potentials, and analyze other induced 
materials interactions and fundamental 
materials properties. 

JtirfK ifotu dottle MtUttrlno tpeitiuwi for henum k 
mattered from tlHcon implanted with antimony, f 

ION SCATTERING ANALYSIS 

IMPLANTED Sb 

• MASS SPECIFIC 
• DEPTH SENSITIVE 
• QUANTITATIVE 

ION BEAM 
INCIDENT AT 
ENERGY E, 

K S i E 0 
SCATTERED ION ENERGY 
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0«pth (A) 
Sí aompfca of varlom orientation» mere given Identical Bl implant» of 5 X W'/enr'at 
100 keV and annealed urina a putted exctmer laser with a wavelength of 248 nm. puke 
duration 24 m FWHM. FoJburing thb treatment. redWrlsuMon of the Bl wo* measured 
urinj ton acatlertng. The depth pro/Mee ttereflt taring computer code» that model the 
notwautwbrlum atomic d\0raflrion and troppma; processes occurring. The agreement betiM 
€3o,|crtment and tumuuter sbiMMonon indtoatee the meet and regrowfh model odeauatefy 
txpiatut the phytic» ond provide» ouantttortue prentcrtow o/physfcxW parameter» m the 

NUCLEAR REACTION ANALYSIS: 
Ion-induced nuclear reactions can be 
used for quantitative and depth 
sensitive profiling in specific cases, for 
example, to improve detection 
sensitivity for many low-mass species. 
SURFACE ANALYSIS 
TECHNIQUES: Experimental ultrahigh 
vacuum chambers are available that 
combine ion beam techniques with the 
surface sensitive techniques of low 
energy electron diffraction and Auger 
electron spectroscopy. This facility Is 
used for studying reordered end relaxed 
clean surfaces, crystal growth, and 
other surface phenomena. 
COMPUTER ANALYSIS: Computing 
facilities are available for analyzing 
spectra obtained at the SMAC/CRC. 
Extensive software allows convenient 
viewing and reduction of data, plotting, 
and manuscript preparation. 
Theoretical modeling of ion and laser 
beam interactions with materials Is 
possible using codes that predict 
deposition profiles, describe laser 
annealing, and simulate ion scattering 
from surfaces and other particle-solid 
interw-rion phenomena. 

9 
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Ion implanisticr» doping, ion beam 
deposition, pulsed laser annealing, and 
ion beam and pulsed laser sn'jdng are 
nonequlHbrlum processing nretnods 
which can lead to ne v . -'als 
properties. Conseque •. « *' <• are ideal 
fundamental researc '.. Some 
examples of applicable. • •- srch topics 
indude the following, 

ION-INDUCED INT. .< TIONS: 
The complex nature ot ^efect 
production and interactions In Ion-
irradiated solids offers a new 
dimension for inducing materials 
Interactions which can lead to unique 
properties. 

ULTRARAPID SOLIDIFICATION: 
Pulsed laser annealing can be 
controlled to give surface quenching 
rates that vary from 10* to 10 1 2 o K/s. 
Ion-induced collision cascades in solids 
provide energy pulses to several 
thousand atoms within the cascade 
with simulated quenching rates of 
10 1 1 -10 1 S o K/s. 

RAPID CRYSTAL GROWTH: 
Crystal growth phenomena ranging 

from solid to liquid phase epitaxy can 
be studied at growth rates from 1 0 1 0 to 
lO^m/s by coupling conventional 
furnace annealing techniques with 
pulsed laser annealing. Related 
phenomena include solubility limits, 
solute trapping, constitutional 
supercooling, and a host of others. 

NUCLEATION KINETICS, 
PRECIPITATION, AND 
SEGREGATION: Utilizing the 
tremendous span of growth rates 
available, It is possible to study in 
detail the kinetics of nucleation, 
precipitate nucleation and dissolution, 
segregation phenomena, and interfacia; 
instabilities. 

NEW MATERIALS PROPERTIES: 
Ion beam and laser processing 
techniques have been used to fabricate 
new metastable alloys, supersaturated 
substitutional semiconductors, extended 
solid solutions, new meiastable surface 
structures, unique lattice alterations 
including layered crystals, and 
amorphous metaglasses and metals. 

SUPERSATURATED 
SUBSTITUTIONAL ALLOYS 

10 a o 

10 19 ET * ^ 

SEGREGATION 

EQUILIBRIUM SOLID 
SOLUBILITY LIMIT _, 

J . ±± 0.1 0.2 
DEPTH Uim) 

0.3 

Concentration venue depth profile» obtained by Ion 
scattering from a silicon «Ingle ayetal Implanted 
with bismuth and later annealed. 

10 
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TAILORED MICBOSTRUCTURES: 
km bombardment and laser melting 
can be used to induce grain refinement, 
nudeation, precipitate formation, 
amorphous phases and a variety of 
other mlaostructural alterations. 

CORROSION. FRICTION. WEAR: 
Most mechanical, chemical, electrical, 
and optica! effects which are surface 
related can l e altered, often quite 
dramatically, by ion beam and laser 
processing. 

SEMICONDUCTOR AND OPTO­
ELECTRONIC DEVICES: Device 
fabrication problems can be addressed, 
ranging from the formation of new 
supersaturated substitutional alloys to 
adherent metal electrical contacts to 
improved optical waveguides. 

ADHESION: The adhesion A metal 
films on metals, insulators, and 
semiconductors has been greatly 
enhanced by ion beam processing. 

mart— afc» (TMAMV) nmelm, «mmptaaterf flejU md 
tea Imahaamf a*m N to a aaae «/ JO atomic percent 
frtfAtt aweaiear tetted wáur CMVJIÍOBI awl moeftanioaf 
r u t h m mat • » • ULlwati mow O B M J m m> ami knee 

• t r ^ n a i w , ArtSldat Jemta made wma an to. fcaakmt 
treatment on da» atoy are amiatjy oaalaMt. 

AMORPHOUS MIXTURES: 
Amorphous mixtures and metaglasses 
of a wide variety of materials can be 
made over greatly extended 
compositions because of the extremely 
rapid quenching rates of ion beam and 
laser processing. 

CERAMIC PROCESSING: The 
hardness and fracture toughness of 
high temperature ceramics, the 
electrical properties of insulators and 
polymers, and the optical properties of 
waveguide materials have been 
beneficially altered using ion 
implantation. 
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Oak Ridgs - Knoxvllle 
Route Map 

TO ttKlNOTON. KY 

Researchers interested in more 
information about the SMAC/CRC 
should contact the Facility Liaison 
Scientist* Those desiring to use the 
Center will be asked to submit a short 
proposa' detailing the scientific 
proble .4 to be addressed and an 
estimate of the support needed and 
time required. 

Acceptance of proposals depends on 
their scientific merit, the suitability of 
the Center for the research, the 
appropriateness of the research to DOE 
objectives, and selecting an ORNL 
researcher interested in the 
collaboration. 

There is no charge for use of the 
SMAC/CRC Collaborators, however, 
are responsible for transportation, 
lodging, and all other costs they incur. 
In most cases, collaborators will be 
expected to take part in the research at 
the Center. 

A brief technical report highlighting 
significant results will be required of 
SMAC/CRC users. Presentations and 
publications resulting from 
collaborations shouM acknowledge the 
SMAC/CRC and rept'nts of published 
articles need to be available at the 
Center. 
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Send requests for information and 
proposals for use to: 
*S. P. Wlthrow 
LlaUon Scientist 
Ssurface Modification 
and Characterisation 
Collaborative Research Center 
Oak Ridge National Laboratory 
P.O. Box X 
Bldg. 3003 
Oak Ridge, Tennessee 37841 
(615) 574-6174 or FTS 624-6174 

City of Oak Ridge 
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