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THE USE OF ION IMPLANTATION FOR MATERIALS PROCESSING

Preface - F. A. Smidt

The quest for improvement in materials performance has led in recent yvears to the
exploitation of controlled processing to enhance and tailor the properties of materials
for specific applications. Ton implantation offers a powerful, broadly applicable tech-
nique for the modification of the surface region of a material. This ability to alter the
surface composition and structure potentially offers a means to modify sueh divergent
surface controlled properties as corrosion, wear, catalysis, work function, and reflec-
tivity to name a few. The Naval Researeh Laboratory (NRL) is pursuing an aggressive
research program to exploit the use of ion implantation for materials processing. The
program includes both in-house basic research under the auspices of the Office of Naval
Research and applied reseach programs for several Navy and DOD sponsors (NAVAIR,
DARPA, NAVMAT, AFML, SSPO, NAVSEA). The research has reached a stage of
maturity such that it seemed valuable to collect the results from various programs and
publish them in one place as a comprehensive report of progress. This document is the
first semi-annual report of progress for the NRL program on the use of ion implantation
for materials processing.

The concept of using heavy ion bombardment to study and modify the properties of
materials originated in the Nuclear Physies Division at NRL in the mid sixties. Studies
of radiation damage in metals bombarded with heavy ions developed during the carly
seventies ard the heavy ion sources currently in use were developed during that time
period. The first experiments to specifically explore the modification of non-semi-
conductor materials by ion implantation were undertaken in 18975 when the Materials
Modification and Analysis Branch (Code 6670) demonstrated that the wear and corrosion
resistance of materials could be improved by ion implantation. The promise shown by
the initial experiments prompted Dr. A. I. Schindler, Associate Director of Research at
NRL for Material Science and Component Technology (Code 6000), to establish a
broad-based interdisciplinary effort in the Radiation Technology (Code 6600), Chemistry
(Code 6170), and Material Science and Technology (Code 6300) Divisions. The program is
coordinated through the Ion Implantation Steering Committee consisting of Dr. J. K.
Hirvonen (Code 6670), Dr. J. N. Butler (Code 6670), Dr. N. L. Jarvis (Code 6170), Dr. B.
B. Rath (Code 6320), and Dr. F. A. Smidt (Code 6004), Chairman.

The program currently includes investigations of the influence of ion implantation
on wear, fatigue, corrosion, and optical properties of materials as well as basie studies of
the implantation process. Exploratory research in several other applications areas is also
being conducted. Modern research techniques such as Auger electron spectroscopy., x-
ray photoelectron spectroscopy, Rutherford backscattering analysis, nuclear reaction
techniques, and transmission electron microscopy are available for characterizing the
materials. Ion impiantation facilities at NRL include a commercial Varian/Extrion 200-
kV "high current" implanter designed for semiconductor applications and modificd at




NRL to provide the vacuum chamber and work piece handling capabilities required for
materials implantation, a 200-kV "low current" implanter built in 1975 at NRL as a
prototype for the implantation experiments, and the 5-MV Van de Graaff accelerator.

The progress report consists of four sections deseribing the experimental work: lon
Implantation Science and Technology, Wear and Fatigue, Corrosion, and Exploratory
Research. The latter includes several articles on implantation to modify the optical
properties of silicon and a new ion beam mixing technique. A final section includes a
cumuletive bibliography of papers ard reports published on ion implantation by NRL
authors since the inception of the program. It is our hope that this report and future
progress reports will provide a useful vehicle for rapidly disseminating information on
the Use of lon Implantation for Materials Processing and stimulating an exchange of
ideas with potential users of this promising new technique.

vi
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THE USE OF ION IMPLANTATION FOR
MATERIALS PROCESSING

SEMI-ANNUAL PROGRESS REPORT FOR THE PERIOD
1 OCTOBER 1979 - 31 MARCH 1980

SUMMARY
L. ION IMPLANTATION SCIENCE AND TECHNOLOGY

A.  lon Implantation Seience and Technology

An overview of the science and technology of implanting ions into a material
to modify the surface properties is presented. The components and operation of a
tvpical ion implantation machine are described and the capabilities and limitations
discussed. The physics of ion-target interactions are reviewed and the principal
phenomena controlling the implantation and the material modification are ex-
amined.

B. Ion Implantation Simulations with MARLOWE

The binary-collision simulation Code MARLOWE developed by M. T. Robinson
and [. M. Torrens to study the effects of neutron and heavy ion irradiations on
crystalline materials has been converted to run on the NRL TI ASC Computer. A
brief description of the code capabilities and the planned rescarch is provided.

1. WEAR AND FATIGUE

A.  Friction and Wear Reduction of Bearing Steel Via lon Implantation

Ion implantation has been found to reduce friction and wear in the technologi-
cally imwrtant AlI§]-52100 bearing steel. Implantation of titanium at a fluence of
1.6 x 107" ions/em” and an energv of 190 keV reduces the kinetic coefficient of
friction for the unlubricated steel-on-steel case from about 0.7 to about 0.3.
Lubricated sliding-wear experiments show large reductions in wear for the T
implanted steel. Other ions which reduce wear in Tyvpe 304 stainless steel, such as
nitrogen and boron, are not effective in 52100 steel.

Analvtical techniques are described which determine the distribution of
clements in the 52100 steel after ion implantation. When Ti is implanted, Auger
speetroscopy combined with sputter erosion shows an unexpeeted distribution of
carbon atoms in the form of ecarbide in the first 100 nm of the surface. The Ti
distribution is deseribed in detail with two techniques: (a) Auger spectroscopy with
ion ti%am milligg. and (b) the resonant nuelear reaction profiling technique utilizing
the ""Ti (p,y) "V nuclear reaction. The Ti distribution shows a peak concentration
of 29 +3 at.% occurring at 70 + 5 nm. Auger line shape analysis of the Ti shows a ?
to 3 nm layer of 'l"iO2 on the 52100 surface. Below the surface, TiC predominates,

Manuscript submitted July 18, 1980,
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but the Ti signal becomes more metal-like as the carbide tails off.  The
presence of Ti and C in the 52100 steel matrix, perhaps as an amorphous laver, is
inferred as the reason for friction and wear reduction.

B. Surface Hardness and Abrasive Wear Il sistance of lon-Implanted Steels

The hardness of nitrogen-implanted steel surfaces have been measured with an
abrasive wear technique capable of characterizing surface lavers as thin as 25 nm,
Treated steel dises and reference dises were abraded with 1 to 5 #m diamond, and
relative wear resistances were calculated from the mass losses. Surface hardness
was obtained from a relationship between wear resistance and hardness.

T sux;{nce of a hardened and tempered carbon steel implanted with nitrogen
ions (107" /em™) was significantly harder than with other treatments ineluding quench
hardening and nitriding. The hardness is decreased to the bulk value over a depth
corresponding to the initial implantation depth.

Nitrogen-implanted stainless steel surfaces wore faster than unimplanted ones,
possibly due to interference with transformation hardening which normally oceurs
during wearing. This "softening" effect persisted to depths several times the depth
of implantation, and may help to explain the reduction of sliding wear produced by
the implantation of stainless steels. Analvses by Auger elecetron spectroscopy
indicated nitrogen migrated toward the bulk during wear.

- . . . . 17 . L2
fitanium implanted in stainless steel (4.6 x 107" ions/em™) produced a very
hard surface with more than 10 times the abrasive wear resistance of the bulk metal.

. The Chemical State of lon-Iinplanted Nitrogen in Fel8Cr8Ni Stee!l

\uger‘ electron spectroscopy (AES) and x-ray photoelectron spectroscopy
(XPS), in conjunction with ion milling, were u<elg’ to dCﬁ%l mnu; the chemiecal state of
nitrogen implanted at relatively high doses ( to 107" /em™) into Type 304 steel.
Nitrogen atoms were bonded in the nitrided Stato. at nll doses, according to both
AES and XPS. As the nitrogen conecentration increased, the lineshape of the Cr MVV
Auger spectra evolved from that of metallic Cr to Cr nitride; at highest doses, the
Fe MVYV lineshape could be identifed as Fe nitride. Auger and XPS spectra of
implanted 304 and thermally nitrided 304 were virtually identical at comparable
nitrogen concentrations. The Cr(2p,,,) binding energies of both, however, were
about 1 eV lower than found in Cr nitridée but 0.5 eV higher than in metallic Cr.

D.  Surfacec Hardening of Beryllium By lon Implantation

The effectiveness of ion implantation for the production of a hard wear-
resistant surface on instrument grade beryllium of high strength (HP-40) was
explored. Samples of beryllium were implanted with boron and were subjeeted to
microhardness tests in both the as-implanted state and after annealing.  The
implanted region was examined using Rutherford backseattering to determine the
depth distribution of the implanted boron. By using ion implantation to producc a
buried layer containing boron, the limitations imposed by solubility and dif fusivity
are avoided and much greater boron concentrations than those attainable with
conventional thermal treatments are generated.

(o]
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E.  The Effect of lon Iinplantation on Fatigue Behavior of Ti-6Al-4V Alloy

Ion implantation of Ti-6Al-4V with carbon and nitrogen has improved the fatigue
life. Carbon has shown the best results, with a 20 percent increase in endurance limit,
and a factor of 4 to 5 increzﬁe in lifetinke at higher stresses. Lifetime improvement is
maximum for a dose ¢f 1 x 100" atoms/em” of carbon at 75 keV. and does not inccsease for
greater doses. Subsurface fatigue crack origins are found for lifetimes over 10” cveles.
TEM examination reveals TiC and TiN precipitates in carbon and nitrogen implanted
regions, respectively, with a greater amount of carbide than nitride observed.

II. CORROSION

A.  Corrosion Control by Ion-Implantation

An exciting new approach to corrosion control is the modification of the surface of
metals by ion implantation. This paper outlines the characteristics and advantages of the
ion implantation method and illustrates the approach with two examples of corrosion
research in progress at the Naval Research Laboratorv. The first of these is a
fundamental studv on the effect of implanted palladium on the corrosion of titanium in
hot, concentrated acids. Implanted Pd reduces the corrosion rate of Ti by a factor of
1000, with the improvement due to retention of Pd at the surface. The second example is
a practical study on the use of ion implantation to improve the corrosion resistance of
bearing alloys used in aireraft engines. Preliminary results indicate that Cr implantation
substantially reduces pitting corrosion of M50 steel in chloride-contaminated lubricating
oil.

R. Applications of lon Implantation for the limprovement of Localized Corrosion
Resistance of M50 Bearing Steel

bitting corrosion of M50 alloy steel bearings used in turbojet engines has been found
to be a severe problem. The difficulty arises when salt-sprayv condensates accumulate in
the engine lubricants of aircraft not in regular use. lon implantation was applied to this
problem because in the early stages of this work it was shown to be able to maintain both
the dimensional stability and the contact fatigue lifetime of the 1150 bearings.

Qualitative tests, which simulated the geometry and thermal cvele conditions
leading to pitting of the M50 bearing surface, were performed using oil containing 3 ppm
NaCl. Initially it was found that chromium surface allovs containing 20 to 25 percent
chromium substantially reduced the level of attack. Prior to further corrosion simulation
tests, potentio-kinetic studies were carried out on M50 implanted with chromium,
molybdenum and titanium in order to sereen both the passivating tendency of the surface
alloys formed and their resistance to localized forms of corrosion. Singular additions of
chromium, molvbdenum and titanium were found to increase the resistance of M50 to
localized breakdown significantly, The highest resistance to localized breakdown was
found for a multi-implantation of chromiwm and molvhdenum.

IV. OTHER EXPLORATORY RESEARCH AREAS

A.  Refractive Index Profiles and Range Distributions of Silicon Implanted with High-
Energy Nitrogen

Single-crystal silic?tp has been i%plantod with nitrogen ions at MeV onorgios.oto
fluences between 0.2 x 1077 and .65 x 1077 jons/em™ at a substrate temperature of 700°7°C,
Infrared transmission and reflection spectra in the range of 1.25 to 40 ym were measured




and interference fringes were observed which are produced by the interference of light
which has been multiply reflected between the front surface and the buried layers. By
detailed theoretical analyses of the interference fringes we obtain refractive-index
profiles, which, under suitable interpretation, provide accurate measurements of the
range and straggling of the implanted ions. Rutherford backscattering measurements on
the samme samples confirm this interpretation. Between the energies of 0.67 and 3.17 MeV,
the measured values of the projected range agree with theory after adjusting the
electronic stopping power, but the straggling measurements are lower by — 30 percent. It
is demonstrated that the asymmetry of the range distribution can be measured with this
technique as well.

B. High-Fluence Implantations of Silicon: Layer Thickness and Refractive Indices

Refractive-index measurements are reported for amorphous Si produced by ion
implantq_&ion. Reflection interference measurements in the frequency range 2505 v <
7600 em ~ wgre made for several Si samples implanted with P-jon fluences between 1'01§
10 ions/cnl6 and ion snergies between 0.20 and 2.7 MeV and for Si implants of 1.0 x 10
and 3.0 x 107" ions/em™ and un ion energy of 0.30 MeV. The interference measurements
were computer analyzed by using a model in which the damaged layer has a refractive
index n;, and extinction coefficient k.., and the substrate has a refractive index n_ and k
= 0. Tge optical constents of the two regions are smoothly connected by a transition
region approximated by a half-Gaussian eurve of standard deviation ¢ .. The finite-width
transition region is necessary for fitting the data. Excgllent fit% are obtained for

literature values of n_ and k|, with the chi-square being =10 ~. The value of k. has little
effect on the analyssls. Within the experimental accuracy a single curve for n. (V) is
obtained for the amorphous region where n (V) is independent of the ion type, ion energy.
ion fluence, or position in the amorphous II)ayer. The thicknesses of the damaged layers
deduced from the infrared data agree well with LSS values for R_ + ¢_and with
channeling results. Visual observations of the thicknesses also agree Rell 18 the high-

energy implants but not for the lower-energy ones.

C.  Plasma Region in High-Fluence Implants of Phosphorus in Amorphized Silicon

Phosphorus ions were implanted intosilicon previously made amorphous by implanta-
tion with neon ions of projected range considerably greater than that of the P ions,
Comparison of the annealing behavior for this case with that for P -only implants
indicates that free-carrier plasma formation in the region of high phosphorus concentra-
tion does not ocecur until the material has recrystallized.

D.  High-Dose Implantation and lon-Beam-Mixing

Substitutional solid solutions and metastable phases in single-crystal metals can be
produced by ion bombardment either by ion implantation to high-dose levels of one of the
elements or by implantation of inert ions through a thin film to induce atomic mixing
between the film and the single-crystal substrate. In this paper we compare these two
methods of high-dose implantation and ion-beam-mixing to introduce Au and Pd into
single-crystal Cu. In direct implantation the maximum concentration of implanted ions is
determined by sputtering effects whereas in ion-beam-mixing the concentration is
determined by the film thickness and the amount of interdiffusion over the penetration
depth of the energetic ions.

With implantation of 1 x 1017/01112 Au or Pd ions at 150 keV into < 10> Cu, high
substitutional concentrations at about 6 at.% were achieved. \}’gth ien—bonm-mixing
of ~10 nm Au or Pd films by 300 keV Xe ions at ion doses £1x 10 /em”, substitutional
concentrations twice as high (=12 at.%) were achieved. With thicker films, higher
concentrations of Au and Pd were achieved with polycrystalline solid solutions formed
at Au and Pd concentrations above 30 at.%.
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ION IMPLANTATION SCIENCE AND TECHNOLOGY
J. W. Butler

Materials Modification and Analysis Branch
Radiation Technology Division

Introduction

Ion implantation is a process for injecting atoms of any element into any
solid material to selected depths and concentrations. One thereby forms an alloy
or other solid mixture that has a different composition from the original and
which therefore exhibits different (and sometimes highly desirable) chemical and
physical properties.

An jon-implantation accelerator of the type used by NRL is illustrated
schematically in Fig. 1. Atoms of a selected chemical element are ionized by
collisions with electrons in an electrical discharge in a gas at low pressure in the
ion source. These ions then pass through an orifice into a high-vacuum region
where they are accelerated by an electric field to a moderate energy (10-30 keV)
and analyzed by a magnetic field according to ion mass. The selected ions are
then accelerated by another electric field to the desired implantation energy.
When the ions strike and penetrate the target lattice, they lose energy through
collisions with lattice atoms and come to rest. Table I lists ranges of typical
values of certain technical parameters and economic factors which apply to ion
implantation performed to moedify the chemical, optical, or mechanical properties
of materials.
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Table I. Ranges of technical parameters and economic factors. These ranges
represent typical, rather than absolute, limits for implantations to modify
chemical, optical, or mechanical properties.

ion species any element or combination
target material any solid material

target preparation surface clean and smooth
target dimensions less than 2 m

target temperature -196°C to 300°C

pressure in beam tubes 10~° torr to 1077 torr
potential on terminal 10 kV to 1000 kV

depth of implanted ions 10 nm to 1 um

ion beam current 1 nA to 20 mA

ion beam cross section 0.1 cm? to 1 cm?

jon fluence or dose 10'® atoms/cm? to 10'® atoms/cm?
relative concentration 1 at.% to 50 at.%

surface erosion 1 nm to 100 nm

capital investment $200,000 to $400,000

power requirement 5 kVA to 20 kVA

floor space requirement 10 m?® to 20 m?
implantation costs 1¢/cm® to $1/cm?

A few exploratory experiments involving the bombardment of semicon-
ductor materials by high-energy ions as a means of altering the electrical charac-
teristics of these materials were performed in the 1950s; and three broad U.S.
patents!™® were issued in the late 1950s on the ion implantation technique.
Although commercial exploitation of the process for the manufacture of semicon-
ductor devices was delayed because of industry concern about the problem of
radiation damage (whether annealing could remove the lattice damage produced
by collisions of the implanted ions with lattice atoms), the semiconductor device
industry did begin to use ion implantation to dope semiconductor devices during
the late 1960s. Since the early 1970s ion implantation has been widely used by the
semiconductor device industry to introduce dopants into many types of devices,
including large scale integrated circuits such as are used in pocket calculators.
The main reasons for this widespread use are the reproducibility and control-
lability of the process; it is used mainly as a predeposition technique, followed by
thermal diffusion. Also during the early 1970s a few laboratories worldwide began
to experiment with the modification of the chemical, optical, and "mechanical”
properties of materials by means of ion implantation. In 1975 the Naval Research
Laboratory began a program to investigate the effect of ion implantation on the
mechanical and chemical properties of metals. In 1976 the program was extended
to optical properties of materials such as silicon or magnesium fluoride.

1U.S. Pat. 2,750,541 (June 12, 1956), R. S. Ohl.
2U.S. Pat. 2,787,564 (April 2, 1957), W. Shockley.
3U.S. Pat. 2,842,466 (July 8, 1958), J. W. Moyer.
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The Technology of Ton Implantation (Implanters)

Ion Source. For implantations performed to modify the chemical, optical,
or mechanical properties of a material, substantial concentrations of implanted
ions are required (typically about 20 at.%). Such concentrations in turn require a
relatively large number of implanted ions per unit area (or "fluence"” or "dose").
So large ion beam currents are required. The NRI, machine (Fig. 1) produces
beams in the fraction of a milliampere region for many species of ions.

Figure 2 is a schematic drawing of the NRI, gas-discharge type of ion
source. The electrons from the hot filament, repelled by the negative potential of
the filament (about 100 V with respect to the source wall), are accelerated,

HOT ELECTRON EXTRACTION ANALYZER
FILAMENT REFLECTOR ELECTRODE SLIT
N \ \ J
< X X
' 25KV —y \ \‘ \
N
X \
4 A
GAS —— : LU L : V \) ION
FEED i . 1IN N BEAM
] LL |
G) i
+ 25KV 2kV oV
1 7
~INSULATOR S\LOCAL GROUND

Figure 2. A schematic drawing of an NRIL gas discharge ion source,
extraction electrode, and entrance slit to the mass analyzer. Electrons from the
hot filament are repelled by the potential (-100 V with respect to the source wall)
on the filament and collide with gas molecules at a pressure in the millitorr
region, thereby ionizing them. The resulting plasma is confined by a uniform axial
magnetic field (parallel to the filament) and by electron repeller plates at the
same potential as the filament. The extraction clectrode serves a trip'e purpose:
pulling ions out of the source, focusing them into a beam, and acecelerating them
for mass analysis prior to the major acceleration to implantation energy.
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colliding with gas molecules and atoms at low pressure, thereby ionizing them and
producing a plasma, which is confined by an axial magnetic field (illustrated by
the arrows) and by electron repeller plates at the ends of the filament. The ion
source in this example has a fixed potential of +25 kV with respect to the terminal
(or local ground). The ion extractor electrode potential (in this example, -2 kV
with respeet to local ground or -27 kV with respect to the source) is variable to
accommodate different source operating conditions. The extractor attracts the
positive ions out of the source plasma, focuses them into a beam, and accelerates
them for subsequent mass analysis. The negative potential (with respect to local
ground) of the extractor shields the positive-potential source from downstream
secondary electrons, thereby preventing unnecessary drain on the 25-kV power
supply and also preventing unnecessary x-ray generation. In addition, this
negative potential of the extraction electrode with respect to local ground helps
to maintain the stationary "satellite electron gas" that neutralizes the space
charge of the beam in the field-free region downstream from the grounded jaws of
the analyzer slit. (Without the neutralizing effect of this electron gas, the low-
energy high-current positive-ion beam would diverge rapidly under the mutual
repulsion of the ions, and most of the beam would strike the iaws of the output
slit.)

Mass Analyzer. The ion beam from a source usually contains impurities:
vacuum system contaminants from residual air, from vacuum pumps, or from solid
components of the source. When an ion that does not exist as an elemental gas is
produced in an ion source, the ion beam contains even more undesired components.
For example, if boron ions are to be accelerated, the source feedstock may be
BF,, which produces several kinds of molecular ions from various combinations of
atoms present.

The ions from the source must be accelerated (or extracted with a
substantial energy), focused into a beam, and then mass analyzed so that these
undesirable ions in the beam can be removed prior to implantation (or, as in Fig. 1,
prior to the main acceleration).

For a magnetic mass analyzer, shown schematically in Fig. 1, the product
of magnetic field H and path radius of curvature r is proportional to the square
root of the ratio of ion mass m to charge q or

Hr « V¥ (m/q)}, (1)

where V is the accelerating potential. Figure 3 shows the mass spectrum of the
output of the ion source during the implantation of chromium ions.

Acceleration Tube. The function of an acceleration tube is to provide
(a) an evacuated path for the ions and (b) an electric field to accelerate them.
The electric field is in addition shaped so as (i) to tend to focus the beam of
selected ions from the mass analyzer and (ii) to impede the backstreaming
secondary electrons. The tube consists of a series of sections, each section being
an annular insulator (glass) and a shaped metal electrode (polished aluminum)
cemented together. A resistor stack distributes the potential drop approximately
uniformly along the tube (but some nonlinearity has been introduced to improve
focusing.)
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Target Chamber. The primary function of the target chamber is to provide
line-of-sight high-vacuum access to each area to be implanted. It is customary,
but not necessary, for the beam to strike the target at normal incidence; at
nonnormal incidence, the penetration is smaller, and target sputtering (discussed
below) is greater. Figure 4 is a photograph of an NRL target chamber taken
during the implantation of the steel balls (2.2 ¢cm diameter) from a bearing from a
jet engine. The chamber interior dimensions are about 25 em x 25 em x 45 em;
but a chamber 2.3 m long and 2.3 m in diameter has been constructed at the
Atomic Energy Research Establishment at Harwell (England).

The target chamber together with auxiliary equipment (some of it external
to the chamber and not strictly part of the target chamber) also provides at one
time or another the following functions:

Ion-beam-current integration (by means of which the dose is measured),
Secondary electron suppression (to avoid ion-beam-current errors),
Vapor condensation (by means of a cold tube containing liquid nitrogen),
Differential pumping (high vacuum to inhibit target contamination),
Beam sweeping (to scan the target as an electron beam in a kinescope),
Target manipulation (to expose every part of the target to the beam),
Target cooling (heat transfer system to dissipate ion beam power), and
Auxiliary magnet (to separate the desired beam from any neutral beam).

In a production system, the target chamber would also provide for automatic
target changing (by means of vacuum locks and a conveyor).

Power Dissipation. The power density of the beam at the target can be
substantial. For example, a 0.5 mA beam of 200-kV ions has a power of 100 watts.
If the beam has a cross section of 0.5 em?, then the power transport density is 200
W/em?2. If the ions are chromium and the target, ordinary steel, the ion range is
about 60 nm, and the volume power density in the implantation region of the
target is about 33 MW/cm3, Therefore precautions must be taken to prevent
unwanted temperature excursions of the target; e.g., scanning the beam over the
front of the target and rotating the target about its own axis. Such techniques
can keep the average target temperature within tolerable limits (e.g., 100°C).

The power dissipation problem is exacerbated by the vacuum environment
of the target: The principal mode of heat transfer may be radiation, and polished
metals are poor radiators. Conduction transfer is significant only if the target
makes good contact with a material (i) that is soft enough to conform to the
microscopic contours of the target, (ii) that itself is a good conductor of heat, and
(iii) that is thermally coupled to a heat sink. Silicon wafers are usually cooled
during implantation by such techniques.
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The Science of Ion Implantation (Ion-Target Interactions)

When a high-energy ion strikes a solid target, the ion collides with the
individual atoms in the target, loses energy, knocks some atoms out of their
lattice sites, and comes to rest after penetrating a few hundred atom layers, in a
time of roughly 10713 s. The implanted ions (or atoms) generally have the same
effect on the properties of the material as if they had arrived at the same lattice
locations by some other means (such as in the melt or by thermal diffusion or by
quenching). But the effect of the implantation process per se (viz., displacements
and other microstructure changes) must also be considered in assessing the overall
effect of the implantation.

Atomic Collisions. The collisions between the incident ion and lattice

atoms involve two basic types of energy transfer: (i) elastic, in which the two
partially screened nuclei experience each other's Coulomb field, transferring
momentum in the process as in a billiard-ball collision, and (ii) inelastic, in which
energy is transferred to the electrons of the struck atoms.
A binary collision model“'® is used to calculate the magnitudes of the
energy and momentum transfers, and in this model the elastic and inelastic
contributions are assumed to be independent, with no interference between the
two. (This assumption is not strietly true, but it provides results which are
tractable.)  The nature of the interaction is strongly dependent on the
instantaneous energy of the incident ion E , the atomie number of the incident ion
Z , and the atomic number of the target ‘atom 7. Generally, for large values of
E! and for small values of 7., (e.g., a100-keV hefium ion), the predominant mode
of energy transfer is inelastic; for relatively low values of E, and for large values
of Z, (e.g., a 10-keV molybdenum ion), the elastic mode of energy transfer
predominates. Figure 5 illustrates the variations of the energy loss per unit path
length as a function of E, for two values of Z and for each kind of collision in a
target of iron.%”® The crossover point for incident iron ions is about 500 keV: but
for nitrogen ions, about 30 keV.

The qualitative features of the energyv loss rate curves of Fig. 5 may be
understood as follows. For low ion encrgies and for a "hard" elastic interaction
potential ¢ between ion and atom (viz., if ¢ falls off more sharply than r™?, as is
assumed for the ion-atom interaction) the elastic energy transfer rate increases
with ion energy for basically the same reason as with billiard ball collisions. But
unless the potential is infinitely hard, at sufficiently high speeds for the incident
ion the interaction time is so short that the atom cannot be fully accelerated
during the interaction (except for rare head-on collisions, for which the

“J. Lindhard, V. Nielsen, and M. Scharff, Kgl. Danske Videnskab.
Selskab, Mat.-Fys. Medd. 36, No. 10 (1968).

SM. Robinson and I. M. Torrens, Phys. Rev. B9, 5008-5025 (1974).
6J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd. 28,
No. 8 (1954). O. B. Firsov, Sov. Phys. JETP 9, 1076 (1959).
7J. Lindhard, M. Scharff, and H. E. Schiott, Kgl. Danske Videnskab.

Selskab, Mat.-Fys. Medd. 33, No. 14 (1963).
®]. Manning and G. P. Mueller, Comp. Phys. Comm. 7, 85 (1974).
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interaction potential is hard indeed). (The momentum transferred is SFdt.) Thus
the energy loss rate decreases for higher ion energies as illustrated in Fig. 5. The
inelastic energy transfer rates (Fig. 5) have a_constant slope of 0.5, implying that

the inelastic transfer rate is proportional to E% or to the ion velocity v. This rela-
tionship comes from the model of the inelastic interaction as follows. When the
electron shells of incident ion and host atom overlap, some electrons change their
atomic identification and transfer momentum mv to the electronic structure of
the recipient atom. The effective inelastic force between the two atoms is
therefore, according to the model, equal to the product of the electron transfer
rate and mv. So the inelastic energy transfer is proportional to fmv'dR, where R
is the relative position vector.
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Figure 5. A logarithmic plot of the rate of energy loss of iron ions and
nitrogen ions in an iron sample as a function of instantaneous ion energy.*™® The
total energy loss rate is separated into the elastic part (that results in displaced
host atoms) and the inelastic part (that results in electronic excitation of the host
atoms).
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TIon Range. Because the incident ion is deflected by elastic collisions, its
path is not straight. For a homogeneous beam of iron ions striking an iron target
at normal incidence, a group of paths might look roughly like the sketch in Fig. 6.
It is customary to define the word "range" as the projected length of the path onto
the beam's initial velocity vector. Variations in the range from ion to ion (with all
conditions the same) arise because of statistical fluctuations in (i) the energy
losses in elastic collisions and (ii) the direction of the ion after a collision. (Those
collisions that involve greater energy transfers also involve greater deflections.)
The inelastie collisions are assumed to constitute a smooth braking force, hence
do not contribute to the straggling in range. If the projection of the initial
velocity veetor is divided into equal increments or bins and then the number of ion
path projections that terminate in each such bin are counted, a range distribution
curve, such as that shown at the bottom of Fig. 6, may be obtained.

INCIDENT
BEAM

IONS PER UNIT RANGE
— —AVERAGE _

| 1 | L
0 10 20

RANGE (nm)

Figure 6. A schematic representation of a number of ion paths from a
homogeneous beam of 100-keV iron ions entering a block of iron from the left. In
general, the range distribution curve at the bottom may be skewed either to the
right or to the left, depending on the ion species, energy, and target material. For
implantations performed to modify the chemical or mechanical properties of
material surfaces, it is customary to assume a gaussian shape for the distribution.
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The distribution in range in Fig. 6 is asvimmetric, being skewed toward
shorter ranges. The precise shape of the distribution depends on the ion species,
incident ion energy, and target material. Even for a given ion species and target
material the skewness may be either toward the right or the left, depending on the
incident ion energy. For implantation into semiconductor devices, the skewness
may be important because tails on the distribution may lead to free carriers
existing in regions where free carriers are not desired, but for implantations
performed to modify the chemical or mechanical properties of materials, the
precise shape of the distribution is not so important. Hence for reasons of
convenience, the distribution in range (hence the distribution in concentration of
implanted ions) is usually assumed to have a gaussian shape.

Figure 7 shows the calculated distribution of ranges for several incident
energies of iron ions implanted into an iron sample (calculation based on refer-
ences 7 and 8). Figure 7 suggests the possibility of tailoring the depth concentra-
tion profile of implanted ions so as to achieve almost any desired smoothly varving
(or constant) profile. Of course the range is dependent on 7. and 7 as well as E;,
Figure 8 illustrates the dependence on 7 by showing the cafeulated range

distributions of nitrogen ions with all other parameters the same as in Fig. 7.

Several computer codes are available, and a few tabulations?® of results
have been published, providing values of mean range and standard deviation for
any combination of ion and solid material. The uncertainties in the caleulations
arise mainly from the method of obtaining the inelastic braking force. The best
calculations have uneertainties of about 20%: and others, about 30%. A
combination of experiment (i.e., measurement of the depth concentration profile
of implanted ions for a few energies) and theorv can give substantially moare
accurate values.

An experiment at NRL involving the implantation of high-energv (0.6 MeV
to 3 MeV) nitrogen ions into silicon single ervstals'® implies that the range
straggling predicted by conventional theory” is too large. Sinee range straggling
is caused mainly by elastic collisions, this result implies that the eross section for
elastic atomic collisions used in reference 7 1s too large. Wilson, Haggmark, and
Biersack'! have reeentlv developed a more sophistieated theory for this eross
seetion. L Manning!? at NRI. is now applving the Wilson et al. cross seetion to
analyze the NRIL experimental results. Similar analyses will be made for future
NRL experiments that result in accurate experimental values of range straggling.
The result may determine which is the more valid eross section (Lindhard et al. or
Wilson et al.).

ID. K. Brice, lon Implantation Range and Energy Deposition Distribu~
tions, Vol. 1, High Incident fon Energies, Plenum Press, New York,
Washington, and London, 1975: K. B. Winterbon, lon Implantation
Range and Energy Deposition Distributions, Vol. 2, Low Incident
Ton Energies, Plenum Press, New York and London, 1975
J. F. Gibbons, W, S. Johnson, and S. W. Mvlroie, Projeected Range
Statistics, 2nd ed., Halsted Press, a div. of John Wilev & Sons,
Inc., New York, 1975, Also see paper IB in the present report.

'9G. K. Hubler, P. R. Malmberg, T. P. Smith, Ill, paper IVA in the
present report.

''w. D. Wilson, L. G. Haggmark, and J. P. Biersack, Phys. Rev. B15,
2458 (1977).

"2 irwin Manning, Radiation-Matter Interactions Branch, NR1,,
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Figure 7. The calculated range distributions for iron ions of various
incident energies E; in an iron sample at normal incidence (based on references 7
and 8). By judicious choices of incident ion energies and fluences one can tailor
the depth concentration profile of implanted ions to particular needs. Sputtering
of the surface influences the final depth concentration profile of the implanted
atoms.
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Figure 8. The calculated range distributions (or depth distributions of
implanted ions for normal incidence) for nitrogen ions of various incident energies
E; in an iron sample.”*® This figure together with Fig. 7 illustrates the variation
o} range with respect to the atomic number of the incident ion Z . For
convenience of visual comparison the nitrogen range distributions have been
compressed horizontally and stretched vertically by a factor of four with respect
to the curves in Fig. 7. The area under each curve is proportional to the total
number of implanted ions in each case; the areas under all eight curves are the
same.
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Channeling. The preceding section on ion range, was discussed under the
implicit assumption that the target atoms were located randomly. In metals,
grains (which are miniature crystals) typically have random orientations; hence for
any region much larger than a grain, this implicit assumption of random
arrangement of atoms is reasonable. But if the incident ions are within a small
angle (typically 1°) of a low-index direction in a single-crystal target, then most
of the ions are steered'® through the "channel" as illustrated by trajectory A in
Fig. 9. No displacements occur; so the only energy transfers are inelastic
(electronic), and in a perfect crystal the ion's range may be several times the
normal value. If a defect is present (such as an interstitial, vacaney, dislocation,
impurity atom, or thermal perturbation) it is likely to dechannel the ion, as
illustrated by trajectory B.

Because typical commercial materials are not single crystals and because
large implantation doses destroy the regularity if the target is a single crystal,
channeling is important in ion implantation only in special cases, such as where
deep implants of small doses are desired (e.g., radioactive ions, dopants for
luminescence, or dopants for certain semiconductor devices). Sometimes,
however, channeling is hard to avoid (e.g., with low-energy heavy ions in a single-
crystal target) because (i) the critical angle may be several degrees and (ii) there
are many directions that produce channeling.
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Figure 9. Schematic representations of ion trajectories in a crystal lattice.

A: The path of a channeled ion being steered by the lattice rows. B: The path of
an ion dechanneled by an interstitial atom.

13M. T. Robinson and O. S. Oen, Phys. Rev. 132, 2385-2398 (1963).
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Radiation Damage. To displace an atom from its lattice site requires the
expenditure of a minimum amount of energy that lies between 20 eV and 40 eV for
most materials; the average displacement energy E4 is about 25 eV. When a
collision between an incident ion and a target atom causes an energy transfer
much greater than E4, the struck atom then collides with other atoms, knoeking
some of them out of their lattice sites. This process creates a cascade of colli-
sions producing secondary and tertiary knock-on atoms. Thus an ion leaves a path
of havoe in its wake, and the residual effect of this havoc is called "radiation
damage." However, this term is somewhat misleading because the overall result
may be beneficial instead of detrimental. For example, the ion beam tends to
clean the surface (by means of sputtering); and the interstitial atoms produce in
the implanted layer compressive stresses which appear to play a role somewhat
analogous to those in prestressed concrete. This section considers the volume
effects of the passage of the ions (displacements), and the next section considers
the surface effects (sputtering).

The total number of atoms displaced depends on a number of factors: the
average displacement energy E;, the ion's initial energy E;, the relative masses of
the colliding atoms, and the gose or fluence of implanted ions. (The flux of
incident ions is defined as the number of ions per unit area per unit time striking
the target, and the fluence (dose) is defined as the integration of flux over time.
So fluence has dimensions of ions per unit area.) For the situation in which the
bombarding species and bombarded species are the same, the number of
displacements per incident ion (Nd) is given by the approximation

Ng = 0.8 v(E) E;/2Eg, (2)

which is a variation of the Kinchin-Pease'* formula, which was orginally derived
for calculations of radiation damage to reactor materials by neutrons. The energy
partition function V(E) represents the fraction of the total energy transfer that
goes into elastic collisions. This function was not in the original Kinchin-Pease
derivation because, in the neutron knock-on energy regime, essentially all the
energv loss is of the elastic type. The "2" in Eq. 2 is a statistical factor that
arises from the model, in which the final displacement collision in each branch of
the cascade results in two atoms, each of which possesses a Kinetic energy of Eg
or less. Although the original formula (without 0.8 v(E)) was derived under rather
crude assumptions, after it had been used for more than a decade, computer
simulations!® showed that it is surprisingly accurate if one merely multiplies the
right-hand side by 0.8 v(E).

For example, when a 100-keV iron ion is implanted into an iron specimen,
application of Eq. (2) indicates that on the average each lattice atom of iron in
the region traversed by the ions is displaced about 500 times during the
bombardment. This number taken by itself seems to raise the question whether
the implanted region can maintain its structural integrity. Metals usually do

'*G. H. Kinchin and R. S. Pease, Rep. Prog. Phys. 18, 1-51 (1955).

15M. J. Norgett, M. T. Robinson, and I. M. Torrens, Nuel. Eng. Deg.
33, 50-54 (1975).
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maintain their structural integrity, and the rcason is that almost as many lattice-
vacancy/interstitial-atom recombinations as displacements occur. There are
several mechanisms by means of which these re~ombinations occur. One mechan-
ism is thermal activation (except at cryogenic tenmperatures). Another mechanism
is the mutual elastic interaction between defects in metals, even in the absence of
thermal activation. For example, an interstitial atom and a vacancy may combine
(by means of the ordinary phenomenon of barrier penctration froin wave
mechanies) even at cryogenic temperatures from separations as great as two or
three atoms by sucessive spontaneous lattice jumps towards eacn other. These
considerations imply that an upper limit to the number of interstitial-vacancy
pairs in the implanted region of a metal, even at cryogenic temperatures, is
roughly one percent of the lattice sites. At room temperature, thermal activation
normally causes the actual net relative number of displacements to be substan-
tially less than this upper limit,

Radiation damage must be annealed out of semiconductor devices after
implantation because the disorder causes a drastic reduction in minority carrier
lifetime. The annealing is usually performed at a temperature between 300°C ard
900°C, depending on the ion species, semiconductor material, attached materials
(such as aluminum leads), implantation energy, and dose; but some devices are /
annealed by laser or electron beams. During the annealing process, the amorphous
layer may reerystallize epitaxially onto the undisturbed substrate.

For implantations in alloys to enhance their resistance to corrosion or
wear, the residual radiation "damage" may even be beneficial, hence is usually not
annealed out. One reason is that the implantation process leaves many atoms
(both implanted and host) in interstitial sites in the implanted layer (typically, a
few hundred atoms thick). These interstitials constitute, in effect, wedges. As a
result, this layer tends to expand, but the expansion is restricted by the much 1
thicker substrate and by the surface energy. The result is a compressive stress
near the surface, and this compressive stress may inhibit the initiation or
propagation of cracks, thereby accounting in part for the observed improvements
in mechanical properties of the material. Another reason that radiation damage
may be beneficial is that, under some unusual conditions, ion img)lantation in
metals may produce an amorphous surface layer even for metals,’® and some
amorphous metals produced by means other than ion implantation have been found |
to possess greater strength than the corresponding erystalline alloys!’ and also to
possess greater corrosion resistance.!® A potential detrimental effect of residual
radiation damage in crystalline metals is the existence of high-energy sites that
may be vulnerable to corrosion.

18A. Ali, W. A, Grant, and P. J. Grundy, Phil. Mag. 37B, 353-376
(1978); Radiat. Eff. 34, 251-254 (1977).

17T. Masumoto and R. Macdin, Mater. Sci. Eng. 19, 1-24 (1975).

18T M. Devine and L. Wells, Ser. Met. 10, 309-310 (1976); M. Naka,
K. Hashimoto, and T. Masumoto, Corrosion 32, 146~152 (1976);
K. Hashimoto, K. Osada, T. Masumoto, and S. Shimodaira,
Corros, Sci. 16, 71-76 (1976).
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A computer code which is now under development!® at NRL utilizes the ion
implantation range distribution to estimate the profile of the damage energy Sp
as a function of penetration depth x. A knowledge of Sp(x) is equivalent to a
knowledge of the density profile of atomic displacements. Experience suggests
that the capability of conveniently calculating Sp(x) will find many applications in
the analysis of ion implantation phenomena. In particular, this code is expected to
facilitate the phenomenological analysis of (a) ion-beam mixing effects in ion
implantation (ion beam mixing is discussed in paper IVD in this report) and (b)
damage-enhanced diffusion effects in ion implantation.

Sputtering. Wherever the cascade of knock-on atoms intersects the
surface, an atom may leave the surface if its energy exceeds the surface binding
energy (usually in the range 2-5 eV). This process of emission of atoms from the
surface is called "sputtering,” and the number of sputtered atoms per incident ion
is called the "sputtering yield" (S). Sputtering is a significant factor for heavy
implantation doses, which are common for metal targets, because sputtering (i)
may have a substantial effect on the depth concentration profile of implanted ions
and (ii) may seriously limit the maximum achievable concentration of implanted
ions.

The sputtering yvield depends on a number of parameters, including ion
energy, species, flux, angle of incidence, target material, dose, crystal state,
surface binding energy, and perhaps other parameters as yet unknown. The
general nature of these dependences is as follows.

Ion Energy. The dependence of S on incident ion c¢nergy E; (Fig. 10) may be
understood qualitatively in terms of elastic collisions and the binding energy of a
surface atom. A given target atom may receive a maximum amount of energy
(determined by classical mechanics) from the incident ion and, if this energy is
less than the surface binding energy, no sputtering can occur. Thus, a sputtering
threshold energy (Et) is expected. At higher energies, S rises with E; because
collisions involving less than the maximum energy transfer begin to contribute to
the process. As E; continues to increase, it eventually reaches an energy at which
the rate of elastic energy transfer decreases (as in Fig. 5). The collision cascade
near the surface subsides, leading to a decrease in sputtering. Although this
simple picture qualitatively describes the actual behavior of S with respect to E;,
there are quantitative differences (which are not understood) between this simple
picture and experiment (in both the threshold energy E{ and the subsequent
variation of S).

Ton Species. As can be seen by an inspection of Fig. 5 a high-Z incident ion
(in this case, iron) transfers a larger fraction of its energy via elastic collisions
than a low-Z ion (in this case, nitrogen). Hence S increases as a function of Z_ as
illustrated by the measured values?® of Fig. 11. '

19W. A. Fraser and Irwin Manning, Radiation-Matter Interactions
Branch, NRL.

29 Adapted from H. H. Andersen and H. L. Bay, Radiat. Eff. 19,
139-146 (1973); 13, 67-74 (1972).
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Figure 10. A schematic representation of the sputtering yield S as a
function of incident ion energy E.. The energy scale is for a "typical" case only;
the scale for an actual case is a }‘unction of several parameters, including the ion
species and target material. In particular, the threshold energy E, is related to
the binding energy of the surface atoms and to the maximum transferable energy
in a single collision from classical (billiard ball) mechanics. The curve rises above
E{ because collisions other than those transferring maximum energy begin to
contribute. The rest of the curve generally follows the shape of the elastic part
of the energy-loss rate (Fig. 5).
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Figure 11. The sputtering yield S at normal incidence from polycrystalline
copper and silver and amorphous silicon targets as a function of incident ion
atomic number Z .2° The incident ion energy is 45 keV in all cases. One may not
interpolate to obtain curves for other target materials because the sputtering
yield does not vary monotonically with Z,; rather it depends more on the surface
binding energy than on zZ,.
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Angle of Incidence. As the angle of incidence o (the angle between the
incident-velocity vector and the normal to the surface) varies from zero, one
expects S to be proportional to sec 9 since, for a given instantaneous depth of the
incident ion in the target the path length of the ion is proportional to sec g.
However, the multiple scattering implicit in the sputtering process compllcates
this simple picture: The sputtering yield actually“ depends on (sec g)X, where x
is slightly greater than one; and the precise dependence is a function of the
incident and target atoms. This sec @ dependence breaks down for large valucs of
0 because of the escape of indident ions from the surface. The dependence is
qualitatively illustrated by Fig. 12. For single-crystal materials, the relationship
between @ and channeling directions has a major influence on S.

Target Material. The sputtering yield depends on the mass of the target
atoms because the energy transferred in & collision depends on this mass. But a
more critical dependence is the approximately inverse proportionality between S
and the surface binding energy, which depends on surface topography, grain
characteristics, crystal plane and crystal axis orientation within the grain, and
other surface conditions as well as atomic number and basic lattice constants.

S(8)/8(0°)

0 1 1 1 1 1 1 1 1
0° 30° 60° 90°
ANGLE OF INCIDENCE 6

Figure 12. A schematic representatlon of the sputtering yleld S as &
function of the angle of incidence.?! For angles below roughly 70°, the curve
follows sec ©, approximately. At larger angles the curve shape is determined by
the rate of escape of incident ions through the surface, and this factor is in turn
determined by the elastic collision rate, the relative masses of ion and host atom,
and surface topography.

21 Adapted from K. B. Cheney and E. T. Pitkin, J. Appl. Phys. 36,
3542-3544 (1965).
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Dose. If the target atoms and incident ions are not the same species, then
the composition of the surface changes as a function of time (or dose or fluence);
so in order to predict the sputtering at any given time, one must take into account
the near-surface composition at that time.

These dependences may be summarized as follows. The conditions that
lead to large sputtering yields are

(i) alow value of target surface binding cnergy,
(ii) a high value of Z ,

(iii) an intermediate \}alue of E; (about 100 keV), and
(iv) a high value of © (but not more than about 70°)

Figure 13 illustrates some of these dependences and gnves measured values
of S for different ions incident on polyerystalline copper.?* An example of the
significance of the sputtering yield follows. From Fig. 13 we see that 50-keV
argon ions striking polyerystalline copper, at normal incidence, exhibit a
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Figure 13. The sputtering yield (S) for a polycrystalline copper target as a
function of incident ion energy E; for various ion species at normal incidence.
These curves have the same general shape as the elastic energy-loss curves of
Fig. 5.

22 pAdapted from the data of reference 20 and O. Almen and G. Bruce,
Nuel. Inst. Methods 11, 257 (1961); G Dupp and A. Scharmann, 7.
Physik 192, 284 (1966); 194, 448 (1966); and F. Keywell, Phys.
Rev. 97, 1611 (1955).
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sputtering yield of about seven. Therefore for a fluence of 10"’ argon ions/em?
on copper, about 7 x 107 copper atoms/em? (equivalent to 360 atom layers) are
sputtered. Although this dimensional change is not measurable by ordinary
instruments, it is several times the range of 50-keV argon ions in copper (95 atom
layers), hence removes all of the atoms initially implanted if the implantation
energy is held constant.

There are several beneficial effects of a small amount of sputtering during
implantation. (i) The process tends to clean the surface being bombarded. (ii)
Sputtering (under certain conditions) tends to polish the surface. (iii) As the
surface erodes during bombardment, lower layers become exposed; so if one
bombards long enough, the layer in which the initial ions were implanted is
exposed. This effect can be an advantage when one is implanting for anticorrosion
purposes where one wants a substantial concentration of implanted ions right on
the surface. (iv) Surface analysis techniques can be used with sputtering to
measure concentrations of elements as a function of depth. (v) Sputtering leads to
a saturation concentration of implanted ions. The larger the fraction of implanted
atoms in the target the more implanted atoms are themselves sputtered until
eventually (after the erosion depth becomes a few times the original implantation
depth) an equilibrium is reached at which one previously implanted atom is
sputtered for each new atom that is implanted. If S >> 1, then this equilibrium
relative concentration of implanted atoms is 1/S, or 100/S atom percent.
Although this effect may not always be deemed beneficial, it can be beneficial,
for example, in smoothing out concentration fluctuations in the implantation of an
object with a complex shape for which it is difficult to assure uniform irradiation.
(A complicating consideration is that, if an object has a complex shape, resulting
in different angles of incidence at different locations, then S is a function of
location, and the equilibrium concentration is aiso a funetion of location.)

Although the equilibrium relative concentration of implanted atoms is
100/S atom percent, one can circumvent equilibrium and exceed the equilibrium
value substantially by decreasing the incident ion energy as a function of time
such that the newly implanted ions always come to rest in the same physical layer
and by stopping the implantation process when the eroding surface is near or at
this physical layer.

NRL Research on Sputtering. Because of the large number of parameters
involved with sputtering, not all have been investigated adequately for general
industrial application. For example, most research to date has involved single-
element materials rather than mixtures, such as alloys. For these reasons NRL is
engaged in a basic research program” of investigating the sputtering of
multicomponent samples during the transition period between an initially
unimplanted, unsputtered surface and a surface containing a steady-state
distribution of implanted atoms. Most previous studies of this nature have
concentrated on analysis of the target surface. Although the NRIL project also
involves examining the final target surface, the emphasis of the NRL project is on
the sputtered atoms themselves because they reveal more information than the
surface they leave behind. Sputtered atoms will be collected on catcher foils

23M. R. Weller, Materials Modification and Analysis Branch, NRL.
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surrounding the targets, and these foils will be analyzed to obtain angular
distributions for the sputtered species. It is anticipated that, even after a steady-
state situation has been reached in the target, the angular distributions of
different species will not be the same. Investigations of binary systems should
give some indication of how various properties of the target atoms (mass, binding
energies, ete.) affect the sputtering of multicomponent samples.

In another series of experiments (concurrent with the catcher-foil measure-
ments) the light emitted by excited sputtered atoms will be monitored or
measured according to intensity and wavelength. Such data will reveal changes in
the total sputtering yields of the original target elements and of the implanted
species as a function of implanted dose. This information will complement that
obtained with the catcher-foil measurements. In addition, this technique permits
the study of systems which cannot be easily studied with catcher-foil techniques
but whieh are nevertheless important and of scientific interest.

Commercial Status and Future Outlook

The status of ion implantation in the semiconductor device industry is well
established. With several companies manufacturing and servicing implantation
machines, about 450 machines (worldwide) were engaged in production and
research in 1979. But at that time the commercial application of ion implantation
outside the semiconductor field was limited to a few instances in the United
Kingdom.

Estimates of the production-line cost (depreciation, overhead, materials,
and labor) of implanting metals depend on several assumptions (including the ion
current available and the fluence needed) some of which vary (according to
circumstances) by more than an order of magnitude. For a fluence of 10!’
jons/em? of an element such as chromium into a steel part (a typical dose for
many nonsemiconductor applications) the cost is estimated to be the order of 10¢
per square centimeter at the 1980 state of the technology. This cost rate, which
may decrease significantly as the technology advances, implies that the ion
implantation of small or medium-size parts is cost effective where reliability is
important or where the implantation substantially increases the time between
replacements and where a substantial amount of labor is involved in the
replacement.

Because research results in the late 1970s imply that ion implantation may
have as promising a future in the modification of the chemical, optical, or
mechanical properties of materials as in the modification of the electrical
properties, it appears reasonable to expect that these commercial applications of
ion implantation will occur during the early 1980s.
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Section L.B

Ion Implantation Simulations with MARLOWE

G. P. Muellel‘l and M. Rosen1

1Radiation—Matter Interaction Branch
Radiation Technology Division
Naval Research Laboratory

This work was supported by the Office of Naval Research. r
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ION IMPLANTATION SIMULATIONS WITH MARLOWE
G. P. Mueller and Mervine Rosen

Radiation-Matter Interactions Branch
Radiation Technology Division

MARLOWE is a binary-collision simulation code developed by M. T.
Robinson and 1. M. Torrens! to study the effects of neutron and heavy ion
irradiations on crystalline materials. The code models a crystal lattice and
observes the collision histories of both the impinging particles and of each lattice
atom they set in motion. After the irradiation, the code reports all changes in the
lattice (vacancies, interstitials) and all particles that may have escaped the
crystal.

The code is flexible both in the variety of initial conditions that it allows
and in the forms of output that can be requested. MARLOWE operates most
efficiently for knock-on energies between the displacement energy of lattice
atoms at the low end and tens of keV at the upper end.

The lstest version of MARLOWE has been converted and is available for
use on the NRL Texas Instruments Advanced Scientific Computer. Tables I and I
indicate the flexibility of the code by listing some of the input and output choices
that are available.

The first calculation planned as part of the ion implantation program
involves a study of the recoil implantation of boron in beryllium. In the
experiment, a beam of boron particles is implanted into beryllium through a 10-nm
layer of boron already deposited on the surface of the beryllium. Some of the
boron atoms are driven into the beryllium by the boron beam particles.

The analysis with MARLOWE will be done in two stages. The first will
consist of & run with a boron beam passing through a thin boron film. The output
of this run will be a tabie of the number of beam and recoil ions at various angles
and energies escaping the far surface of the thin film. A second run will be made
in which the output of the initial run is used as a diffuse beam on a beryllium
target. The output of this run will then list the final resting places of all of the
boron recoils and boron beam ions in the beryllium. The damage done to the
beryllium by the stopping particles will also be evaluated.

A comparison of the code calculations with the experimental results will
assist in separating recoil implantation effects from diffusion due to the local
melting effects at the boron-beryllium interface. The latter are not treated by
the code.

IM. T. Robinson and 1. M. Torrens, Phys. Rev. B9, 5008 (1974).
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TABLE I. INPUT CHOICES

CRYSTAL STRUCTURE (cubie, diamond, ete.)
single crystal
polycrystalline
amorphous

CHEMICAL ORDERING
any specified amount of disorder

INITIAL VACANCIES
INITIAL INTERSTITIALS

SURFACES
infinite solid
semi-infinite solid
thin film

TEMPERATURE (zero or finite)

CROSS SECTIONS
various elastic and inelastic cross sections

SOURCE OF IRRADIATION
internal
external beam
choice of:
direction
beam divergence
target area
crystal surface

TABLE II. OUTPUT CHOICES

RANGE DISTRIBUTIONS
histograms
range moments (1st - Ath)

VACANCY AND INTERSTITIAL DISTRIBUTIONS

separation pairings of vacancies and interstitials

SPUTTERING YIELD
direction and energy of sputtered particles

REFLECTION AND TRANSMISSION OF BEAM
REPLACEMENT SEQUENCE DIRECTIONS
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Section II.A

FRICTION AND WEAR REDUCTION OF BEARING STEEL
VIA ION IMPLANTATION

C. A. Carosella,1 L L. Singet',2 R. C. Bowers,2

and C. R. Gossett1

lM&!terials Modification and Analysis Branch
Radiation Technology Division

2Surface Chemistry Branch
Chemistry Division
Naval Research Laboratory

This work was supported in part by the Office of Naval Research
and in part by Defense Advanced Projects Research Agency.
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FRICTION & WEAR REDUCTION OF BEARING STEEL VIA ION IMPLANTATION*

C. A. Carosella and C. R. Gossett

Materiais Modification and Analysis Branch
Radiation Technology Division

I. L. Singer and R. C. Bowers

Surface Chemistry Branch
Chemistry Division

Introduction

Work at Harwell’»?> and NRL® has shown that the ion implantation teehnique can
be used to significantly improve the lubricated sliding wear resistance of steels. Most
work has concentrated on the effeets of the implantation of nitrogen ions. Intense
nitrogen ion beams are easily obtained and the nitrogen ions affect a number of surface
sensitive mechanical properties of steels.* For example, sliding wear rates for nitrogen-
implanted stauiless steels, such as AISI 304, have been reduced by factors of twenty or
more.? Reductions in sliding wear have also been found for the nitriding steel EN40B,
annealed 440C stainless steel, and mild steel.!»> Other ions besides nitrogen, such as
earbon, boron, titanium, and molybdenum, can also reduce lubricated sliding wear in
these steels.!»® In general, the largest reductions in sliding wear from ion implantation
have been found for the relatively soft stainless steels.

*This work was supported in part by DARPA,

IN.E. W. Hartley, G. Dearnaley, J. F. Turner, and J. Saunders,
"Friction and Wear of Ion Implanted Metals," in Applications of
Ion Beams to Metals, eds., S. T. Picraux, E. P. EerNisse, and
F. L. Vook, Plenum Press, New York (1974) pp 123-138.

2@G. Dearnaley and N. E. W. Hartley, "lon Implantation into Metals and
Carbides,” Thin Solid Films 54, 215-231 (1978).

3J. K. Hirvonen, "Ion Implantation in Tribology and Corrosion
Science," J. Vac. Sci. Technol. 15, 1662-1668 (1978).

“H. Herman, W. W. Hu, C. R. Clayton, J. K. Hirvonen, R. Kant, and
R. K. MacCrone, "Modification of Mechanical Properties Through Ion
Implantation," Ton Plating and Allied Techniques 79, CEP
Consultants Ltd, UK (1979) pp 255-263.

5J. K. Hirvonen, C. A. Carosella, R. A. Kant, I. Singer, R. Vardiman,
and B. B. Rath, "Improvement of Metal Properties by lon
Implantation," Thin Solid Films 63, 5-10 (1979).
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There is therefore a question of whether or not ion implantation can reduce the
sliding wear of through-hardened bearing steels such as AISI 52100, M50, and 440C. This
is certainly a relevant question because the demanding operating conditions of (high
speed, low load) instrument bearings and (low speed, high load) engine bearings create
wear, fatigue, and corrosion problems, Attempts have been made to alleviate these
difficulties with various coating technologies, such as rf sputtering and chemical vapor
deposition. However, coating techniques (i) have a degree of inherent adhesion problems,
(ii) can change the temper and dimensionality of parts, and (iii) require relatively
expensive machining as well as further heat treatment.

This paper describes experiments for reducing friction and wear in AISI 52100
{martensitic) bearing aliov steel with ion implantation. AISI 52100 steel is the most
common bearing alloy presently used for aeronautical applications. It is through-
hardened martensitic steel with a Knoop hardness number (KHN) of 750 kg/mm? at room
temperature. Applications of this steel are limited, however, to noncorrosive
environments and to temperatures below 175°C, since the steel rapidly loses its hardness
above this tempcrature. The nominal alloy composition (atomie per cent) of 52100 is
Fe/93.2, C/4.48, Cr/1.50, Si/0.48, and Mn/0.34.

Experimental Procedure

Implantation. Implantation of all AISI-52100 steel samples was done with a
modified Model 200-20A2F Varian/Extrion ion implanter. The ion source is a hot cathode
arc discharge type. Producing ion beams for gaseous elements is standard, and ion beams
up to 1 mA are obtainable. For metal ion beams, such as titanium, a chlorination
technique is employed. Chlorine gas is passed through fine titanium powder contained in
a graphite oven within the source chamber, producing titanium chlorides, which volatilize
at the high source temperature and are subsequently ionized. Ion beams intensities of
about 200 uA of Tit are routinely obtained.

Both flat and eylindrical 52100 samples were implanted in tnis work. l“he 52100
steel flats were water cooled and were kept near room temperature (<50°C) during
implantation. The 52100 steel cyhndrlcal samples were rotated during implantation and
their temperature stayed under 150°C during the period of implantation (2-5 hr). The ion
beams were electrostatlcally scanned over the samples, with average target currents the
order of 50 uA/em?. The target chamber was eryogenically pumped and pressures of
about 5 x 107" torr are typical during implantation.

A number of different elements were implanted in the 52100 steel, and the
implantation parameters are summarized in Table I. These implantation parameters give
gaussian distribution profiles, usually skewed toward the surface because of sputtering
effects, with the peak of the distribution in the first 50-100 nm of the 52100 steel. The
peak concentrations are about 30 atomic percent.




—

Table 1. Implantation parameters for friction and wear experiments. The implants
marked with an asterisk (*) were for the ball-on-cylinder wear experiments.

Element Energy (keV) Fluence (10'%7cm?

Ti 190 4.6 i

B 35 2.3
c 40 2.3 !

N 46 2.3

p 40 2.3

S 105 4.0
Mo 150 2.0 ,‘

Ti* 150 2.0
N 75 2.0 ;
1
Friction and Wear .

Three types of apparatus were used to determine friction and wear: a "stick-slip" A
machine, a pin-on-disk geometry machine, and a ball-on-cylinder geometry machine. The
first apparatus, which was used to measure friction, utilizes a sphere sliding on a plane
surface (platen). The platens used in these studies were 1.9-cm (0.75 in.) diameter 52100
steel disks, which were lapped and polished. The final polishing was done with a 3-um
diamond paste suspended in lapping oil. The surface had a mirror finish, but micro-
scratches were easily visible with an optical microscope at a magnification of 1100.
Surface roughness as measured with a profilometer was less than 0.025 um (< 1 uin.).
After being polished, those specimens were treated with a corrosion-prevention surface
coating and stored in a desiccator. They were cleaned by solvents before implantation,
then retreated and kept in a desiccator. Just prior to the friction measurements the
disks were recleaned with benzene and 2-propanol. The sliders were 1.27-em (0.5-in)
diameter spheres of 52100 steel. The surface roughness was 0.025 pym (1 pin.). These
sliders were cleaned by refluxing benzene in a Soxhlet extractor. ]

The slider in the "stick-slip" apparatus is attached to an elastically restrained
friction arm, and the disk is clamped to a sliding table so that the disk moves under the
steel slider. Two pairs of resistance strain gages, bonded to the arm, measure the normal
and tangential forces (load and friction).

Wear rates were determined with the pin-on-disk and with the ball-on-eylinder
apparatus. The former used the same disks studied in the "stick-slip" machine. The
"pins" were the same 52100 steel spheres as used in the friction studies, loaded with &
force of 9.8 N. The disks were rotated at 20 rpm resulting in velocities the order of 1.5
em/see. These conditions should produce a boundary lubrication condition (i.e., only
monomolecular lubricant coverage, not sufficient for hydrodynamic or elastohydro-
dynamiec lubrication). Hexadecane was chosen as the lubricant in these studies. This
material is a well defined, easily purified, and relatively uncomplicated molecule, ;
CH (CHZ)“CH , with a melting point just below room temperature. It is a relatively ;
ineffective boundary lubricant because it has no polar end group and therefore cannot i
form a close-packed, solid-type, monomolecular film on the solid surface that is :
characteristic of an effective boundary lubricant. Thus it will permit a wear rate that is ?
measurable in a reasonable time period. With an effective boundary lubricant, the wear ;
rate may be too slow; with no lubricant the effect of ion implantation may be obscured
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by the catastropic wear. Measurements were made in air and in a nitrogen environment.
An unbonded resistance strain gage was '1sed to measure friction. Wear on the upper
(stationary) sphere was found by periodically measuring the diameter of the circular wear
scar on the sphere and caleulating the volume, whereas the wear track on the disks were
examined in several regions with a profilometer. Since the slider and disk have the same
hardness, their wear rates should be comparable. Both slider and disk were cleaned by
solvents before each measurement and then relubricated for the next test period.

Finally, experiments were performed with a ball-on-cylinder apparatus to observe
the initial (run-in) portion of the wear curve. Wear tests with the 3.2-em (1.25-in.) races
were conducted by adapting a lathe. In these experiments the slider was a 1.27-cm-
diameter unimplanted 52100 steel sphere, which was held against a rotating 3.2-cm (1.25~
inch) race under a load of 19.6 N. The implanted race rotated partially submerged in a
bath of synthetic polyester turbojet engine lubricant (MIL-L-23699). Friction was not
measured with this apparatus. The rotational speed was 400 rpm, corresponding to a
linear velocity of 66 cm/sec. Eleectrical resistance measurements indicated that
boundary lubrication conditions predominated.

Analytical Techniques

Two complementary analytical methods were employed to determine the distribu-
tion of elements in the 52100 steel after ion implantation; these were Auger electron
spectroscopy combined with sputter etching and nuclear reaction analysis. The Auger
analysis was used to determine the distribution of Fe, Cr, C, O, and implanted Ti. It also
yields chemical information, used to determine the chemical state of C and implanted Ti.
The nuclear reaction profiling technique quantifies the concentration profile of the
implanted Ti and helps to confirm the Auger C data.

Auger Analysis. Auger analysis was performed in a UHV chamber equipped with a
Perkin-Elmer (PHI) Model-545 Auger microprobe, an ion gun, a Ti sublimator and liquid
nitrogen cooled cryopanels. The electron gun was operated at 2 kV, at currents from 0.6
to 6 LA, and the electron beam was scanned over a spot size of 50 um to reduce the
intensity. Auger derivative spectra were recorded either directly, with a modulation
amplitude of 3 eV, or by a peak-height recording multiplexer with a 6-eV modulation
amplitude.

The ion gun was operated in an argon atmosphere (about 5 x 107° torr) with a
beam of 2-keV Art ions, at selected current densities between 2 and 30 u A/em?. Depth
profiles were recorded during ion milling with Ti sublimators operating and cryopanels
cooled to liquid-nitrogen temperature. These procedures reduced contamination of ion
milled surfaces by residual gas vapors to below detectable levels.

Quantitative analysis was accomplished with the usual normalization procedures.®
The normalization constants (sensitivity factors, S) were obtained from the PHI Auger
handbook’ and verified for a variety of alloy steels and carbide powders. Only the value
for carbon differs from the handbook value, which was established for a graphite-like

§C. C. Chang, "General Formalism for Quantitative Auger Analysis,"
Surface Science 48, 9-21 (1975).

7 vHandbook of Auger Electron Spectroscopy," 2nd edition, L. E. Davis,
ed., Physical Electronics Industries, Eden Prairie, MN (1976)
p. 13.
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carbon lineshape and not a carbide-like lineshape. Sensitivity factors are listed in Table
I for the principal Auger spectra lines used to characterize each species (note the
shorthand notation used, e.g., Tizgs eV)' With these values, Auger analysis of
unimplanted 52100 steel gave Fe/95 Cr/1.5 C/3.4, in good agreement with the expected
Fe/93.2, Cr/1.5, C/4.5 atomic percent concentration.

Table I. Sensitivity factors (S) for Auger peak-topeak amplitudes acquired at a
modulation amplitude of 3 eV.

Auger 1ine Fegsg ev Crs3p ey Ti3gs ev €272 ev
S 0.17 0.34 0.45 0.47

The depth scale for the Auger profiles was established by Michelson
interferometry. Auger depth profiles were taken near the edges of partially masked
steel surfaces. The depth of an ion-milled step was later measured with a Michelson
interferometer to an uncertainity of about +5 nm. This procedure gave the depths at
which several composition profiles had been terminated and, since no differences were
observed in the sputter rates of Ti+—implanted and unimplanted steels, the depth scale
was taken to be proportional to milling time.

Nuclear Reaction Profiling. A resonant nuclear reaction technique® was used to
determine the profile of the concentration of implanted Ti as a function of depth in the
sample. The narrow 1007-keV resonance of the “®Ti(p,y}*°V reaction provided a
characteristic identifying spectrum for the resonance in an experiment in which the
gamma rays were detected with a high-resolution Ge(Li) detector. The gamma-ray yield
from the resonance was measured at a number of different energies above the resonance
of the incident H ion beam, which results in the resonance occurring at different depths
below the surface of the sample. From the known energy loss relationships for the
ineident H ions, the depth scale may be calculated by taking into account the observed
changes in the composition of the sample with depth. In addition to the observed
titanium profile, the carbon profile observed in the Auger measurements was also
introduced into the depth determination. This inclusion produced about a 5% change in
the depth scale at the peak compared to that for only a carbon concentration present in
the basic AISI 52100 steel diluted by the titanium implant.

The distribution of C in 52100 steel is analyzed by the use of the nonresonant
12¢C(d,p)? 3C nuclear reaction. This reaction is not as depth sensitive as the resonant
reaction used to determine the titanium profile, and it was thus not possible to determine
whether the observed excess of carbon was only on the surface or was distributed in the
very near surface region. This problem introduces some uncertainty into the results
because, in the relatively poor accelerator vacuum conditions used here, the buildup of
carbon surface layers during analysis is possible even under the cryotrap conditions used
in these experiments.

8C. R. Gossett, "A Method for Determining Depth Profiles of Transition
Elements in Steels,"” Nucl. Instr. Methods (1980), to be published.
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Friction and Wear Results

Kinetic Coefficient of Friction. Table IIl summarizes the kinetic coefficient of
friction (n)) measured for a 52100 ball sliding on an implanted 52100 disk. The
coefficient u) was determined in air at 23°C and at a sliding velocity of 0.01 em/sec. A
normal force of 9.8 N (1 kg) was used, producing a peak Hertzian pressure of 0.57 GPa
(83,000 psi). Multiple unilateral traverses were made over the disks. The first traverse
was 5 mm in length and subsequent traverses were made over the center 3 mm of the
first traverse without rotating the slider. Measurements of u, were made either on an
unlubricated surface or in the presence of hexadecane. Friction coefficients vary by
+0.05 along a traverse. When stick-slip occurs, however, coefficients can vary by as
much as *0.2.

—

Table II. Kinetic coefficient of friction () ) for an unimplanted 52100 steel ball against
an implanted 52100 steel disk. The entries marked with an asterisk (*) are average
coefficients of friction when stick-slip occurs. Entries marked with a dagger ()
represent the value of u, after five traverses.

Dry Hexadecane
Implanted Ion 1st traverse 10th traverse 1st traverse 10th traverse

None .60 .657 .16% 13%
Ti .18 .32 .15 .18
Ti+C .23 .32 .15 .11

C .75 54T 14% .15%t
Mo .23 .73 .17 .15

S .36 .45 .19% .14
Mo+S .26 .54 .19 .16

B L3* .66 .16* L14%*
N .71 .66 17* .16

P .20 .69 .17 .17

As shown in Table III, the effect of the implantation of titanium, even after ten
traverses, is a reduction of Ui by about a factor of two when no lubricant is present.
See also Fig. 1. (Measurements at 19.6 N (2 kg) normal force give similar results.) Ti +
C implants do equally well, but C alone has no reducing effect. The other elements
listed, except for S, show little lasting effects, with p i returning to unimplanted values
after a few traverses. (Multiple traverses not only show whether the implantation
effects are long lasting but also tend to remove the complications of any lubricating
surface contaminants left behind after solvent cleaning.)

Values of uy for the hexadecane lubrication experiments are more uniform than
for the no-lubrication experiments, tending to be about 0.16 for all elements; u K exhibits
stick-slip behavior. The Ti implant eliminates stick-slip behavior, as is shown in Fig. 1.
Generally stick-slip behavior occurs whenever the static and kinetic coefficients of
friction differ by more than a factor of two.” Under the low-speed motion of these
friction experiments (0.01 ¢m sec™1) adhesion can take place at asperities, increasing the
static coefficient of friction. The ion implantation of Ti reduces this miecroadhesion and
equalizes the static and kinetic coefficients of friction, eliminating stick-slip behavior.

E. Rabinowicz, "The Nature of the Static and Kinetie Coefficients of
Friction," J. Appl. Phys. 22, 1373-1379 (1951).
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sphere on a 52100-steel platen for the following conditions:
traverses; (b) dry, Ti-implanted, 10 traverses; (c) hexadecane lubricated, unimplanted,
five traverses; (d) hexadecane lubricated, Ti-implanted, five traverses.

Figure 1. Kinetic coefficient of friction vs. sliding distance for a 52100-steel

(a) dry, unimplanted, five

Sliding velocity

x




Pin-on-Disk Wear. Results of the 52100-pin-on-52100-disk wear experiments are
shown in Fig. 2. Conditions are similar to those for the hexadecane-iubrication frietion
measurements except-that velocities are typically about 1.5 em/sec. The "pins" are steel
spheres from the same batch used for the friction measurements, and the disks are the
same as used for the friction measurements. The wear rate for the unimplanted samples
increases rapidly with sliding distance, with wear commencing almost immediately. 4
Friction measurements during sliding wear show a rapid increase in friction from initial
values of about 0.15 to about 0.4 as severe wear commences. Adhesion between the
sphere and disk manifests itself by the oscillation in friction for each revolution of the
sphere on the disk. The oscillations grow larger as the frietion increases and wear
becomes severe. Wear on the boron-implanted disk is very similar to that of the
unimplanted disk and is shown in Fig. 2. Wear for unimplanted disks is the same whether
done in air or in a nitrogen atmosphere.

The wear curve for the B-implanted and unimplanted samples was reproducible
well within the factor-of-two variations in these types of experiments. However the
wear curve for the Ti-implanted samples shown in Fig. 2 is not reproducible in the sense
that the onset of wear is extremely variable. For different experiments, wear can
commence at about 250 m as shown but also as soon as about 150 m and as late as about
550 m. This behavior may be due to the random nature of the wear process through a
thin wear-resistant layer. The depth of the wear scar on the Ti-implanted disk, as
measured with a profilometer, indicates that severe wear begins when the wear scar is
about 0.1 ym deep, which is in qualitative agreement with the depth of the Ti implant.
Friction measured during the wear process on the Ti-implanted disk has a vastly different
behavior than for the unimplanted disks. Initial values of about 0.1 fall to values of
about 0.07 during the period when no appreciable wear takes place. The friction is low
and steady with very little oscillation as the disk revolves. Friction does increase and,
once severe wear sets in, behaves as observed on the unimplanted disks.

30

+ B
o UNIMPLANTED

1
cm”)

N
o

WEAR VOLUME (107

[y

A L ‘/ f

200 100 400 T 7 Tsdo
DISTANCED TRAVELED (m)

Figure 2. 52100-pin-on-52100-disk wear experiments. The arrows beside the Ti |
implantation wear curve indicate that the onset of severe wear is highly variable but
always occurs well after severe wear begins for the boron implanted and unimplanted
samples.
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Ball-on-Cylinder Wear. Figure 3 shows the results of the 52100-ball-on-52100- {
cylinder wear experiments. The wear is much less severe for these experiments than for ,
; the pin-on-disk experiments because here an excellent boundary lubricant is used (MIL-L-
: 23699). These data illustrate the "run-in" region of the wear process. Measurements
were done in air at 23°C with a normal load of 19.6 N (2 kg), giving a Hertzian pressure
of 0.81 GPa (117,000 psi).

Wear rates for N-implanted races and unimplanted races differ by less than a v
factor of two, which is within the data reproducibility for a typical wear experiment. :
Once again, though, Ti and Ti+C implants reduce wear rates by a factor of five or more.

1 T T T T
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Figure 3. 52100-ball-on-52100-cylinder wear experiments show the "run-in" part
of the wear curve. Wear rates for the unimplanted and N-implanted samples are not
significantly different.
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Composition of Ti-Implanted 52100 Steel

Our experiments show that Ti implanted into 52100 steel does significantly reduce
friction and wear. There follows an analysis of the composition of Ti-implanted 52100
steel to help understand the reasons for these improvements in tribological properties.

Auger Analysis. A composition vs depth profile of a Ti-implanted 52100 steel disk
is shown in Fig. 4. In addition to Ti, the profile shows a large, unexpected, concentration
of subsurface carbon. Appearing directly beneath the oxide layer, the C concentration
first reaches a maximum of about five times the bulk value of 4 at.%, then tails off to
near bulk value at a depth of about 100 nm. The Cq79 ey profile actually appears to dip
to a minimum before leveling off. We do not yet know whether this dip reflects a
gradient in the C concentration or is an Auger artifact associated with ion milling
through a rapidly changing interface. Cqgq9 oy profiles similar to the one in Fig. 4 have
also been observed in low carbon AISI 304 stainless steel (Fe, Cr/18, Ni/8) and in pure Fe
(< 20 ppmC). The latter observation suggests that the subsurface C (above background)
in the Ti-implanted 52100 steel samples diffuses in from the vacuum system during
implantation. There is no evidence of such C diffusion into 52100 steel during implants
of N, Mo, and S.
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Figure 4. Concentration profiles of Ti and C from Auger analysis with ion beam
milling.
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Auger line-shape analysis has been used to infer the chemical identity of titanium
and -carbon in the implanted 52100 steel. There are three very thin layers on the
implanted 52100 steel. The surface was covered by a carbonaceous overlayer. Under the
carbon layer was a very thin Fe203 layer, and under this was an equally thin TiO, layer.
The iron oxide was identified by the Feg oy lineshape and the TiO, by the Tiggs oy and
Tiggp ev lineshapes. 1% The total thickness of the two oxide 1ayers is 2-3 nm, about the
thickness of oxides found on polished surfaces of steels. The carbon, which virtually
diseppeared in the oxide layer, reappeared beneath it in the form of titanium carbide, as
identified by the Cgq9 oy llneshape Titanium carbide was also identified from the
Tiggs ey and Tigog ey lineshapes.! As the carbide disappeared, the Ti lineshape
became more metal-like.

Semiquantitative concentrations from the Tizgs oy and Cq79 oy data are given by
the ordinate scale in Fig. 4. This scale was based on a single sensitivity factor of 0.45
for Tiggs oy and was found to agree with peak-height analysis of TiC powder. Carbide
concentration can be read from the same scale since sensitivity factors for C979 oy and
Ti385 eV are virtually the same. The concentrations of Ti are accurate to +10% at the
depths where the Tiggs oy lineshape is that of a titanium carbide. But, as just described,
the Tiggs oy lineshape varies from surface to bulk. These changes, while useful for
chemical identification, make it difficult to quantify the Ti concentration throughout the
52100 steel.

Nuclear Reaction Anal sns. The results of a second method of profiling 52100
steel implanted with 4.6 x 10'7 *®Tj atoms/em? at 190 keV are shown in Fig. 5. The data
indicate a maximum concentratlon of titanium of about 29 *+ 3 at.% occurring in a broad
peak centered at about 40 ug/cm?. The peak is asymmetric with a drop-off to a surface
concentration of about 22 at.%. The shape of the profile indicates that significant
sputtering has occurred in the implantation of the titanum, but also that the fluence was
less than that required for saturation of the sputtering. Integratlon of the Ti
concentration in the depth profile indicates that 3.0 x 10* '7 Ti atoms/em? are retained in
the sample, implying that about one-third of the implanted titanium was lost in the
sputter erosion of the surface.

123, S. Solomon and W. L. Baun, "Molecular Orbital Effects on the Ti
LMV Auger Spectra of TiO and TiOz," Surface Science 51,
228-236 (1975).

1IN, K. Sharma and W. S. Williams, "An Auger Analysis of Substrate-
Layer Interactions in the Chemical Vapor Deposition and Activated
Reactive Evaporation of TiC," Thin Solid Films 54, 75-83 (1978).
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The depth scale of Fig. 5 is given in terms of yg/em? determined directly from
the measured energy loss in terms of the concentration of the constituents and their
stopping powers, which are known to better than 10-15%. To convert to a linear scale of
depth for comparison with Auger measurements requires assumptions as to the density in
the xm?Ianted region. The simplest assumption is to take a umform density (p=7.84
gm/em”) which would place the Ti peak, measured at 40 ug/cm , at a depth of 51 nm.
Other assumptions of a variation in density of the implanted region with variation in Ti
and C concentrations place the Ti peak at depths ranging from about 51 nm to 65 nm.
The depth values obtained by the resonance nuclear reaction profiles appear to be
somewhat less than those obtained by the Auger measurements, but otherwise the
agreement in shape and concentration is excellent.

The '2C(d,p)'’ C reaction was used to confirm the Auger results of excess carhon
in Ti-implanted 52100 steel. Comparison of Ti-implanted and unimplanted samples did
show an excess of C at or near the surface for the Ti implanted 52100 steel. The

measured fluence was 4.07 x 10'¢ C atoms/em?, which is two-thirds as large as detected
in the Auger measurements.
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Figure 5. Profiling of Ti with the nuclear reaction **Ti(p,y)"*°V.
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Discussion

We have shown that the tribological properties of a through-hardened bearing
steel, AISI 52100, can be improved with a high-dose implantation of Ti (4.6 x 10'7/em? at
190 keV). Ti implantation reduces the kinetic coefficient of friction, u,, by more than
one half for the dry steel-on-steel case, and eliminates stick-slip behavior for the
hexadecane-lubrication case. Lubrication sliding wear data show large reductions in
wear which lasts until a thin surface layer (about 100 nm) is penetrated.

The Auger and nuclear reaction depth profiling analyses provide some clues as to
the cause of these improved friction and wear characteristics. They show that the
implantation of 4.6 x 107 Ti ions/em? at 190 keV into 52100 steel has produced a 22-30
at.% concentration of Ti from the surface to a depth of about 100 nm. As a result of the
Ti implantation, 4-6 x 10'® excess carbon atoms/em? are present in the near surface. C
concentrations range from about 20 at.% at the surface down to the bulk value of 4 at.%
at about 100 nm. Furthermore Auger lineshape analysis indicates that the titanium is
predominantly in the form of titanium carbide in the region of excess carbon
concentration. Knapp, Follstaedt, and Picraux'? have observed the same phenomenon of
C-gettering in Ti-implanted high-purity Fe. They show that an amorphous surface is
formed which is composed of Fe, Ti, and C. In their work, an amorphous layer is
produced for 2 x 10'7 Ti/em? implanted at 190 keV with C concentrations of about 10
at.% concentration and resultant Ti concentrations of about 20 at.%. The similarity of
their results with those presented here stongly suggests that a thin amorphous layer is
reducing friction and wear in the Ti~-implanted 52100 steel.

In addition, corrosion resistance may be enhanced with production of this
amorphous layer as a result of Ti ion implantation. Wang et al.!® show that ion
implantation of 2 x 107 Ti atoms/em? at 55 keV improves the corrosion resistance of
M50 bearing steel. The corrosion resistance is enhanced more than might be expected
from electrochemical theory alone., Thus, it apears that ion implantation of Ti into
bearing steel can beneficially improve corrosion as well as friction and wear.
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Surface Hardness and Abrasive Wear Resistance
of lon-implanted Steels

ROBER'T N. BOLSTER (Member. ASLE) and IRWIN L. SINGER
Naval Research Laboratory
Washingtor, DC 20375

The hardnesses of nitrogen-implanted steel surfaces have been
measured with an abrasive wear technique capable of character-
wzing surface lavers as thin as 25 nm. Treated steel disks and
reference disks were abraded with 1-5 wm diamond. and relative
wear resistances were calculated from the mass losses. Surface hard-
ness was obtamned from a relationship between wear revstance and
hardness.

The v face of a hardened and tempered carbon steel rmplanted
with wtrogen wns (1071cm?) was sigmificantly harder than with
other treatments including quench hardening and nitriding. The
hardness decreased to the bulk value vver a depth conesponding
to the nutal implantation depth.

Ntragen-omplanted stainless-steel surfaces wore faster than un-
implanted ones. posably due to imterference with transformation
hardening which normalls occurs during wearing. Thes “softening™
effect persited to depths several times the depth of implantaton.
and may help to explan the reduction of \hding wear produced
by the unplantation of stainless steels. Analises by Auger electron
spectincopy mmdicated wivogen migrated toward the bulk during
wear

Trtanewm omplanted 1 stanless steel (4.6 % 10 wonsicm?)
produced a vers havd surface with mene than 1O times the abrasive

wear reststance of the hidk metal

INTRODUCTION

The teastance of steel surtaces 1o sliding wear can be
greath moreased by implining certan elemenis in the sur-
face with o high-encrgs 1on beam. For example. implan-
tation of mittogen wons into stanless steels has been shown
to reduce the labnicaed shding wear tare by facins of up
o 10004 2y The observed imaease i weat tesistance has
been attuibated 1o the abahitv of mtogen 1o harden seel

surfaces (7). Fo study these ettecs, atechnique tor meas-

etranon techniques using diamond indenters sample too
deeply into the surface (0.2 to 2 pm) to accurately measure
the hardness of the implanied laver, which is typically onlv
0.1 um deep. Fherefore. an abrasive wear technique. akin
to scratch-hardness testing (4). (5). was used.

Hardness has been correlated with abrasion resistance
for a wide variets of metals and allovs (6). (7). Most such
abrasive wear experiments have been done with large ab-
rasive particles, 20 um and greater, which penetrate several
micrometers into the surface. In the present experiments,
abrasives on the order of one micrometer in size were used
to limit the wear pracess to the very thin lavers of interest
The correlation between hardness and relative wear resis-
tance with micrometer-size abrasives was verihed with car-
bon steel and used to determine the hardness of implanted
lavers in stainless and carbon steels.

EXPERIMENTAL
Wear Studies

The abrasive wear techmque was simlar o that devel-
oped by Rubinowicz to study the relauve effects of hardness
on abrastve wear (4), 15). T'he allovs studied were in the
torm of disks. 127 mm in diameter and 2.8 mm thick. As
shown schematcally i Fig. 1. tune disks, three in each of
three holders ol equal mass, were abraded tor a given pe-
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uning the hardness of unplanted Livers was needed, Pen- i {
Presented o8 an American Soclety of Lubrl Engl » paper
at the ASME ASLE Lubricetion C in San F
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riod 1 a vibratory polisher on a nonwoven ssnthetic rextile
lap charged with diamond .puwdcr (1105 wm) in parathn
oil. The atmosphere was air dried o a trost point of 200
K The disks were then ult asonically deaned. rinsed and
dried, and their mass losses were detetmined by weighing
them with microgram precision. Each holder held at least
one reference disk, and the relative wear resistance (RWR)
of a modified timplanted or hardened) disk v s caleul. ed
as the inverse of the wear rate of the modified disk nor-
malized 1o that of the reterence disk Wear depth was cal-
culated from the mass loss, areq and densiny of each disk.
Each pg of loss corresponded approximately to a depth ot
one nm. Wear depths thus could be determined with an
uncertainty of a4 tew nanometers, allowing wear vates to be
determined with reasonable preasion for Lavers as thin as

20-2) nm.

Sample Preparation

The carbon steel disks were prepared trom a single bar
of low-allov carbon tool steel (similar 1o SAE 1003). After
austenitizing at 1080 K . der argon, they were quenched
m oil Three disks were tempered tor an hour at 770 K,
and three at 370 K. Atter being ground to thewr final dhck-
ness, the disks were smoothed by imetallographic fine gnind-
ng and polishing procedures. The stamless steel disks were
made from AIS-aope-304 alloy and similarh ground and
polishec. Knoop hardness measureiients were made at ses-
eral tadit on the disks and with various loads to ensure that
thev were umform in hardness. The data veported here
were obtained with a load of 2 kg on the indenter

The surtace hinish on the disks, before implantanon, was
that achieved by lengthy polishing in =5 wm diamond
Polished disks were then implanted with 80 ke N mio-
lecular tons (e, 40 keV N don) i the Naval Research
Labotatory's 200 ke V implanter. \verage canrtent densities

ol the rastered on beam were i the tange 3=5 p A’
tsen 100-200 K
one lioun to the won beanm

The temperatae of the disks night hay -
trom the prolonged expesune {
Durmg implintation. the pressure in the taget chamber
was keprat 6 < 10 - Ton.

Ditimum amplhmtanon was done with o model 200-
20A2F Varn Fxtnon wonamplanter equipped with a hot
cathode e discharge sowrce. The heam energy was 1960
heVoand the average cutrent density 5w am - The chame
ber pressiie was 3 ox 100 Tone, and the samples we e

aounted on a water-cooled substiate haldet

Auger Analysis

Auger analvss was performed with o Scanning. Nugen
Mictoprobe ssstetn The UHV chamiber was equupped wath
A CMA Auger analvzer, aorasterable on gung o T subl-

marer and LN cooled avopanels  The elecnon gun was

opetated at 2KV, at a cunrent of about 0.6 pAL rastered
over a spol size of 30 um 1o reduce the mtens s Auger
dernative spedtra were recorded either divealy, with a
modulation amplitude of 3 eV, or by a peak-height re-
cording muluplexer, with a 6 eV modulatnon a aphtudle

The 1on gun was operated at 2kV in an Ar atmosphere
(p =5 x 10 * Torry. with a rastered beam, and at selected
current densities between 2 and 30 pAcmi. Auger depth
profiles were recorded during won nulhng. with Fr subh-
mators operating and crvopanels cooled to hquid mitrogen
temperature. These procedures reduced contamination of
wn-milled surfaces by residual gas vapors 1o below detect-
able levels

Quantitative anabisis was accomphshed with the usual
normalizauon procedutes (8) The normalizetion constants
tsensitinvaty factors, 8) are similar to those tound in the PH1
Auger haudbook 19 and were veniied for a vantety of alfoy
steehs and carbide powders of knowi. compostuoen. The
value {or carbon difters trom the handbook value. which
was established for a graphitic-hke carbon hineshape and
not a carbide-like hneshape. The value for Nig, s smaller
than the handbook value, but agrees 1o within 2 percent
after correcune for election beam ioniz ttion cross sections
Sensinity tactors are histed in Table 1 for the principal
Auger spectra lines (e.g the 650 eV line tor Fe) of the
detected species.

Accurate notmalizanon constants are necessars o obtam
even the relatine concenttanon of mittogen i steels of dit-
ferent allos content, as is the case here. Analvsis of the
unitmplanted steels gave atomic concentrations of
Fe(mDCi2MmNu? D for npe-304 and Fetdhe3) tor the
carbon steel

Lhe depth scate for the Auger profiles was established
by Michelon mterteromensy. Auger depth prohles were
taken near the edges of partiath masked sieel suttaces The
depth ot an on-nulled step was later measured with an
mtevlerence MILOSCOpe [0 an aceuraey ol about * 3 nm
chis procedute gave the depths at which several compo
sitton prohles had boen termmated Since no ditferences
were obsessed an the nulling rates of tirogenamplanted
and ummplited steebs. the depth was assumed propor

nonal 1o aulhing ame

RESULTS

I'he resulis o numerous abrasne weat expeniments with
the canbon steel disks e shown e Figo 2 Dhisks with o
bavdness of 4060 kg mm were neated as the reletence sar-
taces, bans thiough the other pomnts indicate their standaed
ertors. Mutton and Watson studied the wear of & vmilas
steel IS A B

the corve m Fig 28 hrom then vesnlis, natmalized to poass

LORMY against hived 80 pm abrasives ch ane,

PARE 1 SENSH Ty P ToRS 1OR ATGER PE AR TOPEAR AP int s AcQUIRED AT o

Ak s beo oy

s

Mant o vron Netr pe or L\

N « Nuen

5 (1N ¥ 0 A

LRI 045 0

52




Surface Hardness and Abrasive Wear Resistance of Jon-lmplanted Steels 3

18 — T T the surface (sepsitn ey ca 0.2 atomae pereent). Hence, most
w ——— 80 jum ABRASIVE / of the mplanted mtrogen was removed from the sutface
g6 (MUTTON & WATSON! / duting the fist 100 ni of wear
S ve O 1.5 um DIAMOND Lhe abrasive wear techmigque was then used o deternine
] the wear resistance of the stainless steel (v pe-304) disks
: inplanted with 2 x 107 nittogen jons am’ ar 40 keVion
g 12p Lhe RWR resufts for the implanted stainfess steel, relative
E . o 1o unimplanted disks of the same steel. are shown in hig
'2_ 4. Its behavior was markedh ditferent from that ot the
< carbon steel in several wavs. Unlike the etfect iy carbon
F steel, nirogen implantation reduced the RWR of the stain-

1) S S S S S SOV S S R
200

400 600 800 1000

HARDNESS (KNOOP). kg'mm?

2—Relative wear resistance of carbon steel disks of different hard-
ness abraded with 1-5 um diamond.

F

thnough the pomt tor the disks of 570 kgrmm? hardness.
The data taken with 1o 5 prn diamond particles suggess
that the wear was suthaently abrasive in nature to be used
as an mditect measure of surface hardness.

Weat vesistance duta were also obtaned tor both a ni-
rided carbon steef ton-minided at 8OG K (or 12 hours) and
the stimndess steel. RWR results, relative o carbon steel ot
hardness HK . = 400 kgrmme, are given in Table 20 The
high RWR value of cainless steel is Jikely doe 1o surlace
havdeming duniny abrasion (77 and will be discussed later.

Lhe eltect of nitrogen implnttion in the carbon steel
was then exannned. Disks having a bulk havdness of 0a
kg mm were implanted to doses of T or 2 < 107 ninogen
ons.om at 40 keVaon, and thelr abrasive wean vates de-
termined relative o adentcd unimplanted dishs. RWR data
for several sets of mnplanted carbon steel disks ave shown
i Fug. 30 Lhe dashed hine indicates the trend of the data.
The wear resistance of the owtermost 25 nm of the im-
plinted surlace was markedhy higher than that of unim-
planted relerence disks, quench hardened disky (RWR —

2 and nnded dishs (RWR 2 L) mdweaning the pres-
ence ot g hatdened s face Laver. With continued abnasion,
the weat resstances of the inplinted dishs decieased.
reaching that of the reference disks after about 100 nm ol
the miplanted disk was temoved.

Auger depth profiles were taken to observe the exact
depth 1o which mrogen was implanted. A profide ot a -
bon steel disk, implanted 1o 0 dose of 2 x 107 nitrogen
fons/cr at A0 keVion, is shown in the lower hall of Fig
3, curve () The probile has mans of the featines expeaed
of implanted mogen i steels st peaks ot aboue 50 nm,
then falls off Tike & Gausstan distnbution. The mtiogen
concenty aton At s amaxvnum value was 14+ 2 gomu
percent. Fhe newy sunface (< 10 mn) concentration, how -
ever. was considerabhy liger than expeaed. Fhe expeaed
plulll(', observed by the aathaors one onby one oceasion, s
dqmiml by torve ¢y Prohles sach as caeve () bave alsa
been obtamed o mirogenamplanted ATISEA2Z 100 weel, o
LA Co 10 (pereemt Iy oweghit) beanmyg steed

Fhe deprtoto which the wear resistance was abfected (100
i} correlited well waby the (lrplh o which iost of the
mittogen was unplanted. Auger analvsis of an mplanted
disk wortoadepah ol 97 nm Laled 10 detec togen i
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less-steel sunbaces. Moreaver, the teducedd RWR |n'|\|\l('(|
to more than twice the depth of unplantaion

Ihe Auger deprh profide shown m Fygo L canve G, proe-
vided divect evidence that the reduced RWR persisted L
deeper than the mtrogen was minally unplanted. The pro-
hle of 40 keV nirogen wons amplanted 1o 0 dose ol 2%
10 e 1o stainless steel exhibited the expeced Gousstan-
like disttibution with a mean pencttation depth ot 55 nne
Ihe mtrogen conceptiation at 5% mm was 28+ 2 atomi
pereent. about 70 percent lager than the peak value b
the same dose of nitrogen in cabon steel. The oxide Liver
on the uinogen-unplanted s face (ca 4=8 ) was only
slghtls thicker than on suntaces of freshhy polished stamless
steel (e 243 e

Lo ascertamn whether mogen might ase mgrated m-
ward dunmg abnasion, muogen probles were tahen on disks
worn o depths of 38 i 130 nm, 210 go and fower. No
measutable concentnation of moogen (< 02 omie per-
cent) was detected on disks worn 210 mn o more. Profiles
tor wear depths of 3% mnand 131 ae given by curves
thand @ m Fig 4 Fach canve was plotied wih the surface
(e depth - zeroydisplaced by s wean depth. The profiles
suggest that some of the mplanted muogen nugrated (o-
ward the bulk dunng wear. Notoply was there more ni-
trogen helow the suntace than would he expected trom the
initial implant protide, bue the depth distiibunon ol 1e-
maining ninogen retaned the unal anplane profde. The
nttrogen appears o have nugnued over these depths with-
out dispersing. Mudh of the nttogen, however, was lost
trom the outermost bivers dunmg abrasion. Prohiles abvo
dicated that the onide Livey on the abraded ninogen-mm-
planted surface had the sme thickness as freshisy polished
staindessteel sinfaces

Pwasets of tpe-30d stanlessssteel disks were separaels
implanted wuly tamum w doses of 46 x 107 onsions.
Analvais showed that the atamum reached o peak concen-
tration of 30 atone percent at a depth of 70 nm.and was
detectable o 200 nm. A surprsingly Lage amount of carbon
was found, as had been the case previoushy in ttanium-
implanted AISE 32100 sieel (/20 Much ol the ntammn in
the tust 150 e appeated 1o he present as a carbude A
pronounced hardeming of the surtace 1esulied, as shown
Due to the very fow

by the abrasive wear data m b
initial wear tates, the RWRS were calculated by diiding
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the sum ol the wear depths of the thice reference disks by
the suin ol the wean depths of three nnplanted disks weach
setand a logarsthine scale was ased Jor the ordimate Lhe
cHect ol the i perssted 1o about 500w apparenth
twice the depth atteaed bymnogen However, the derect-
abihty of persistence mthe case o itamam ainay huse been
enhanced by the Linger dose and i iuach greater eleccon
hatdness. Migraton would not he expected with this ele
ment

DISCUSSION

Iwo mtrogen-unplanmed steels—a tempered carhon steel
and Lananstenie stadess steel—showed quite didferent
behavionr o abrasion by micrometer-see diamond paricdes
I hie concenuanons and mobils of the ymplanied mirogen
abso ditfered More nitogen appeared 1o be retamed i the
highlv allosed staimdess steel tian e the low - allos carbon
steel. Based on the wear stuchies of hadenable carhon steel,
it can be channed that the nirogen implants harden the
sutlace of the crbon steel Much of the speculiion on
moreased wear resstance of miogen-unplanted steels has
centered on the formanon of hinely dispersed hut mobile
mtride-like species (77 Longwaorth and Hanles have, in
fact, detected Fe ntnides inmplanted Fe doils (74 These
nitnde-like species may have been respousible for hard-
ening the Gabon stecl sutlace. Dearnales etal (7 5) observed
that the retention ol implanted muogen mareased as the
alioy content of the steel was mareasedd The profide of m-
trogen in the Tow-allov carbon steel (b 3y suggesis tha
mittagen may havemngrated hack toward the surface dunmg
implantation and been temoned by sputtening or desorp-
tion. while that unplanted an the stanless steel temamed m
place. Anger and N-tay photoelection studies of mitnogen-
implanted stamless steel (70) showed that miogen and
chronuum bonded as chronmum minde, which may account
for the tenacny of the implanted nagen

Ninogen s much mare soluble ey ron and stinless
steel than i the a phases (770 (/8 another factor which
would adtea s concentrauon and mobahbity The rediced
RWR of muogen-omphinted stanless steel suggests that the
implited anfaces were, m some sense. solier than the
ummplanted surbaces. Aager tesults show the eHectof im-
plantation cannot be attnbued 1o an ovede-nch santace
Liver as has recentls been specalated (771 A comparison
of the wea tate of stanless steel relative o the tempered
carhon steeh indicated the stanless surface had an anoma-
lonsly Lurge RWR for ats bulk hardness This Lige value
was probably due 10 extreme surlace hardenmy during
abrasion. Surtaces of austemitie steels such as vpe- 301 can
Barden excessivels by undergomg stuctaral tanstorma
tons during abvasive wear (f1) Transtormanon hardemmny
may have been prevented, howeser, by the presence of
implanted mtrogen, asolate atom known to stabilize the
anstenttie stuciire agdainst tanstormmng (79 When trans
tormanon did accur, the reduced solulnhing of nirrogen mas
have torced ot to migrare deeper into wmmransormed aus
tenie

The abihty of the nurogenamplanted surtace to resi
hardemng mav alsa explan, m parnt, the improved shding
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wedt resstance of nrogen-unplated ostemne stamless
steel on steet 2y, 200 Uninnplanied surlaces appeared (o
sutler severe wear (e bttde ar norunan penody even under
lubtcated shchng condhinons. Severe shding wear on o
tetmte stamfess steels according to Hsa, ecal (20, proceeds
by delination of woaton, botde Lasver, adentibied 1o be
tratstormed murtensite, oncsotter substiate: foplantaton
of nurogen mighe preventa surbace lrom aansforimg and
beconnng bratde, therebs preventng thes deletenons “haad
shin on ol subsirate” wear condinon

Tn addimen o the mareased resstance o shding wean
between menal conples. weas 1esstance of nimogenun.
planted surtaces persstng tae bevond the unplantation
depth had been cbumed 22y The persaistence has generally
been atnbuted o mugragon ot the mplanted speaes da
g the wear process (71 Recently, Lo Russa, et al 23
detected swath nuclear teactnn anabisis, about 20 pescent
of the wunal iploated mtrogen dose ina case-hardening
steel Harsworn to g depth of 5 pm Weanr was produced by
reaprocanng shidimg between two unlubicaed thas A
supgested by Hootdey of 30 this wear conditon was essen
tadly abrasive Toreresanglv, the anplanted shder, which
had . lower weanr tare bevand the ranam penod, showed
a barger s doss duting vann than the ummplanted s
face (24

The results ol the authors weas tests thig b dearh more
abrasne than Lo Russo's, absonimdicate that the inplanted
starndess steel mutedls ost s mare capidly than the va
unplanted steel This decreased wear tesstance persisted
bevond the mitad nnplant depth and was accotpamed. a
vording o cmves thy and o) By mward migranon ot
mrogen

[he rennukable hardemng of the stanless steef by e
planted ntmnnm appeas 1o paafiel resulis obtamed e
with

cently AISE 52100 steel where Luge teducnons i

tocton and wear were found (123 These efteds were at.
tthated to the presence of hardoimternmerallic geamum care -
hide. which was detected i these sutbaces justas it was m

the tvpe 301 disks

SUMMARY AND CONCLUSIONS

Wear with micrometersize abrasives has been catrelated
with hardness and ased 1o deteromne the hardness of sur-
face Livers as thanas 25 e The sutbace of mtrogen-aim-
planted carbon steel was found 1o be harder than the bulk,
whole mitrogen mplanted tpe- 304 stnless steel surbaces
were solter than unmmplanted ones The velative sottness
of the smplited sconless steel surbaces may have been due
to mterierence w "h ||.Ill\l“| matwon h.!l ‘h'lll”x (lll’ my
wear  This meduinsm nen explan the benetioal etfect of
unplantation seen with shiding wear. where work hardenming
can mcrease delammation anmd swear

The hardenmg eltectm carhon steel was conbined 1o the
mtral depth ol implantanon [nthe samlesssteel however,
the soliening ettect perssted 1o mwace the smtal depth, and
migranon of the mtrogen was obsersed Despite the me
wranon observed i the stamless sieel, the implanted miteo
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pen appeared o be more tghty bound there than an the
low wlloy steel

Implatanon of atannm an the stnless sieel produced
cansiderable hardenmng of the suttace, apparently due to
the formanon of unuom catade
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Chemical state of ion-implanted nitrogen in Fe18Cr8Ni steel

I. L. Singer and J. S. Murday

Surface Chemistry Branch, Code 6170, Naval Research Laboraiory. Washington, D. C. 20375

(Received 27 August 1979; accepted 5 November 1979)

Auger electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS), in
conjunction with ion milling, were used to determine the chemical state of nitrogen
implanted at relatively high doses (10'*-10'"*/cm?) into type-304 steel. Nitrogen atoms were
bonded in the nitrided state, at all doses, according to both AES and XPS. As the nitrogen
concentration increased, the lineshape of the Cr MVV Auger spectra evolved from that of
metallic Cr to Cr nitride; at highest doses, the Fe MVV lineshape could be identified as Fe
nitride. Auger and XPS spectra of implanted 304 and thermally nitrided 304 were virtually
identical at comparable nitrogen concentrations. The Cr(2p, ,) binding energies of both,
however, were about 1 eV lower than found in Cr nitride but 0.5 eV higher than in metallic

Cr.
PACS numbers: 82.80.Pv, 61.70.Tm, 61.70.Wp

I. INTRODUCTION

Steels implanted with nitrogen ions have exhibited greatly
improved resistance to wear.! ® Since implants of inert ions?4
or self-ions® have not proven beneficial. the improvement is
believed due, in part, to the chemical state of the N-implanted
surface  Using Mosshauer spectroscopy. Longworth and
Hartley ® detected Fe nitrides in N-implanted Fe foils Ana-
Ivtical studies of N-implanted steels by Dearnaley et al.”
however, suggest that alloving elements in the steel, not the
Fe itself. mav tie up the implanted nitrogen

In the present study. we have examined the composition
of an Fel8Cr8Ni steel surface implanted with high doses of
nitrogen ions. Chemical analysis was performed with Auger
electron spectroscopy and. to a lesser extent, XPS. and both
in conjunction with inert ion milling. Chemical changes in the
nitrogen-implanted surface with increasing implant dosages
will be reported

Il. EXPERIMENTAL

The steel substrates used for this work were cut from
AlSE-type 304 stainless steel, an austenitic steel containing
principally Cr (18% ) and Ni (8%) by weight # Finely polished
substrates were implanted with 80 keV Na* molecular ions
(i.e, 40 keV/N* ion) in the Naval Research Laboratory s 200
keV implanter. Average current densities of the rastered ion
beam were in the range 1-15 uA/cm? During implantation,
the pressure in the target chamber was kept at 1073 Pa or
less

One of the polished 304 substrates was nitrided by an ion-
nitriding process.? The substrate was heated to 525 ( and
exposed to an ammonia-hydrogen plasma for 12 h The ni-
trided surface was repolished only enough to regain its luster
tless than 5 um of the 100 gm case was removed) T addition,
an Fe foil_a Crsabstrate. and several commercially prepared
ceramic powder specimens (CrNCCNCFea\N 4 FeyNdwere
acquired ' as reference standards

Auger electron spectroscopy was performed ina Phaacal
Electromes Ine  PHD Mode] 343 Scanning Auger Micro

327 4. Vac. Sci. Technol., 17(1), Jan./Feb. 1980

probe. Spectra were taken in the derivative mode with a 2 keV
electron-beam and with currents less than 1 g A The electron
analvzer was operated with modulation amplitudes of 1 eV
at low electron energies (0 100 eViand 3 eV at high energies
(100-1000 V') Auger spectra were taken during or imme-
diately after ion milling in an Ar or Ne gas atmosphere at
chamber pressures of T mPua. The ion beam was operated at
2 keV and at selected current densities between 1 30 A cm?,
as measured with a Faraday cup

X-ray photoelectron spectroscopy (XPS) was performed
in a PHI Model 548 Auger ESCA spectrometer equipped
with a 1 keVion gun. The v-ray source was operated with an
Alanode, and spectra were taken in the retard mode with a
pass energy of 50 eV, corresponding to an overall energy
resolution of about 1.2 eV

Chemical information was extracted from both Auger and
XPS spectra. Lineshapes of Auger valence spectra. i.e, spectra
resulting from valence electron transitions. were used to fin-
gerprint the chemical state of certain elements The method
has been described previously for chemically modified Fe
alloy surfaces.!' 13 XPS binding energies were measured
relative to the Au 4f; ; electron level (BE = 83 0 eV) The
binding energy of the Fe 2p; 2 electron level was used as a
secondary reference; a value of T07.0 £ 0.2 eV was obtained
on ion-milled 304 substrates in agreement with several re-
cently published values 1415 Binding energies for the chro-
mium nitride powder samples could not be reproduced as
accurately as for stee] substrates probably because of charging
or binding energy shifts due to excessive oxygen comamini-
tion

. RESULTS AND DISCUSSION

Auger electron spectrascopy | in conjunction with inert-won
milling. was used to examine the compaosition of 304 substrates
implanted with nitrogen to doses from 10 10 1O NS cm?
Compaosition profiles of all samples showed the prosence of
aswrface carbon-contaminant overlaver and an onde fiim
The thickness of the onade iilm vaned dependimg on sample
implantation conditions. Compaosttion of the onade Liver and

0022-5355/80/010327-03801.00 < 1980 American Vacuum Society 327

59 .
}HECEDING PAGE BLANK-NOT Fl LMED




328 I. Singer and J. S. Murday: Chemical state of ion-implanted nitrogen 328

N
IMPLANTED

2
=
EIRhY

NITRIDED

AUGER SIGNAL. dN/dE IARB. UNITS)

ll
I
I
3 L f
ia) [ i i i I
20 @ 0200 300 400 SO 60 700 %00 900
ENERGY (eV]

FIG 1 Auger spectra for three 304 wbstrates top  nitroges implanted 304,
10'7 em? at 40 keV', spectrum recorded at depth near maumum mitrogen
amphtude, middle  mtrided 304, bottom 304 High energy spectra
(200 900 V) taken with modulation amplitude of 3 eV during A on malling
2 keV at 20uA cm?) fow energy spectra 120 60 eV at ) eV modulation with
1on bearn off

the oxide 'metal interface closely resembled thermal oxides,
with thickness and composition corresponding to different
temperatures of growth.'®

Compusition vs depth profiles of the subsurface lay er easily
detected nitrogen implanted at lowest doses (~2 X 1015 ¢m?2)
Nitrogen depth profiles were roughly Gaussian for doses - 2
X 10'7/cm?, with peak concentrations at about 55 nm below
the surface. At a dose of 10!%/cm?, the profile was skewed,
looking more like the profile of implants in surfaces subjected
to sputtering during implantation.'”?

The chemical state of the atoms in the nitrogen-alloyed
sub-surface layer has been inferred principally from Auger
spectra An Auger spectrum of 304, implanted to 10'7 'em2,
is shown in Fig. 1 (upper trace). The spectrum was taken after
approximately 55 nm of the substrate was removed by 2 keV
Ar*ion milling For comparison, spectra of ion-milled. ni-
trided 304 (middle trace), and ion milled, 304 (lower trace)
are also shown in Fig 1. The high encrgy portions (200 900
eViof Fig | were recorded during ion milling to minimize
O and C buildup on the clean surface The low energy por-
tions (20 60 eV were recorded with the oo bearm off. the ton
beanm appeared to distort the low energy spectra The high
energy portion of the spectrum shows the presence of the thre
main clements of 304 Fe, Croand N Inaddition, it shows
implanted nitrogen and argon, the argon signal is attributed
to the atoms imbedded during Arion milling The low energy
pottion of the spectrum, presented oncan expanded energy
scale, shows the MVV Auger spectra of Croand Fe

The spectra of Namplanted 304 and mitnided 304 had
several features m common which were not found in spectra

J. Vac. Sci. Technol., Vol. 17, No. 1, Jan./Feb. 1980
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Tavwie i txpenimental binding energies tin eV of Crand Fe 2pos
clectron levels and N s electron fevel in 304 subsirastes and reference
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Cr(2pa ) N(Is) tet2p, o)

04 (FOUN* em) ST48 977 NN
3104 (nitrded)* ST RLDIN 0T
104 (bulk)* 146 T06 8
Cret 8741

(S ARt I

CeNG §18 7 W &

Cra\® S0 W74

4 Substrates subjected to Fhed Art on bombardment
P Taken fram Tabie | ol Rel 22 experimental uncertamn stated to be $0 1
3}

of 304 Both spectra had similar Ngg g lineshapes and, atim-
plant doses of about 1077 eni?, almost equal amplitudes Ther
Crapvyv hneshapes were similar to each other but differed from
that in 304 The peak-to-peak amplitude ratios of 1o, 1y,
(LAAL spectra) i both were smaller than in 304, while the
ratios Iy, g were larger The latter two features may be a
consequience of the nitrogen chemistry and. or the won-milling
process. and will be treated in a later paper

Nitrogen in N-implanted 304 appeared to be in a nitnded
state, based onats Nagp Auger hneshape The Ngg g lineshape,
at all detected amplitudes (001 <In Tpe < 14), resembled
the Ny lineshape of nitrided 304 This lineshape, shown
Fig 1. was alo virtually indistinguishable from Ny lin-
eshapes observed in spectra of chirome nitrides, iron nitrides,
or niobium nitride '* The lineshape differed, however, from
Nirt spectra of a nonmetallic nitnde, BN and of com
pounds containing N O ligands 2

XPS data abso indicated mtrogen in a nitnided state The

1' 711 1
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hinding energy of the Nelsd level in Namplanted 304 was
found to be 397 7 £ 02 ¢V This binding energy BE » char
acteristic of mitrogen i pitnided state 2122 The N ls) binding
energy of mtrided 304 was turther shifted dowoward by 05
eV from that of Nmplanted 304 The measured binding
energies for the two sabstrates and for several reference
compounds are Tisted 1 Table U 1o addition, NolsYspecetra of
both substrates also showed & “shoulder™ at a binding energy
near 400 ¢V This shoulder may be attributed to a weakly
adsorbed N species, obsersed on freshy polished mtrided 304
sirbaces and on Fe surfaces exposed to nitcogen-containing,
gases 2 summary . both AES and NPS data indicated that
mitrogen implanted into 304 exists as a nitrided species
Anger analvsis further agzgested that the nitrogen was most
hikedy tied up chemicallh with the chromum Evidence for
this was found in the MVV hineshape changes shown in Fig
2 With increasing doses of Nions, the peak i the MVV curve
ATV Ve o

time, a new peak developed at 28 eV (dashed line) and the

at a2 eV (sotred ey o e anee Pl tres

overall ampltude of the 28 36 ¢V peak decreased relative to
the 38 eV 46 eV peak Weassociate this spectral feature with
the nitriding of Cr and not Fe since it appeared in nitnded
CrltFig 3] but not in mitnded Fe jiFig 3] At miplant
doses greater than 2 X 107 cm? the Fe maght also have be-
come mtnided, the rounding of the FE vy peak on the fow
energy side of the Feygyy spectra of Fig 208 consstent wath
a smtlar rounding i the Fe mtnded spectrum of Fig
by

With XIS, the chenncal state of Cran the N € amplanted
sabstrate could not be clearly dentified The Cr @390 and Cr
33 spectra were partially obscured by ovelapping vray
witellites of the corresponding Fespectra The Cr2py  data,
lsted in Table 1.
lower than i reterence Cr ndrides and 05 eV ugher than in

shows that the binding energy was 1 eV

metalhic Cr However the come value was found for mtnided
304, which s behieved to contam CrN - precipitates 24 This

J. Vac. Sci. Technol., Vol. 17, No. 1, Jan./Feb. 1980
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discrepancy may he due tosputtening artifacts (there was no
mention of sputtening for the Cr mitride reference datad, or
it may be that the Cr binding energy for Cronitnde preap

tates in 304 are shifted i energy from bulk Cr nitnde

IV. SUMMARY AND CONCLUSIONS

Auger anabvas on conjunction with inert on nn"mg W as
used to examine the composition of 304 wnplanted with N to
doses ranging from 10' 10" ¢m?® Below the ovide laver a
unique mtrogen alloved subsurface laiver was formed N
trogen concentration vs depth profiles were Gaussan-like m
shape for doses up to 2 X 1057 em? but at an inplant dose of
10 ¢m?, the mtrogen probides appeated sputter-himited  The
chemucal states of the implanted N and the metalhic host
atoms, Feand Crowere dentified principalls by ther Auger
Iineshapes Nowasobserved ma mtrded state at all doses, Cr
appeared to be the metalle species bonded 1o N i doses up
to 2 X 108 e’ and Fe, too, appeared bonded to N
10™ ¢ The techmque. however, was not capable of indi
cating whether the metal wom mttogen mteraction ocetirged
between solutionized atoms or withim metal nitnde preeygn

tates
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SURFACE HARDENING OF BERYLLIUM BY ION IMPLANTATION *

R. A. KANT, J. K. HIRVONEN AND A. R. KNUDSON

Naval Research Laboratory, Washington, D.C 20375 1 U.8.4.)

J.S. WOLLAM

Charles Stark Draper Laboratory, Cuambridge, Muss. 02139 (1 U.S.4.)
(Received April 13, 1979 accepted April 25, 1979)

The effectiveness of ion implantation for the production of a hard wear-
resistant surface on instrument grade beryllium of high strength (HP-40) was
explored. Sampies of beryllium were implanted with boron and were subjected to
microhardness tests in both the as-implanted state and after annealing. The
implanted region was examined using Rutherford backscattering to determine the
depth distribution of the implanted boron. By using ion implantation to produce a
buried layer containing boron, the limitations imposed by solubility and diffusivity
are avoided and much greater boron concentrations than those attainable with
conventional thermal treatments are generated.

I. INTRODUCTION

The feasibility of using ion implantation to harden the near-surface region of
instrument grade beryllium (HP-40) was investigated. This study was motivated by
a need to provide a means of reducing the wear 2xperienced by gas-bearing surfaces
during starting and stopping, while avoiding porosity and adhesion problems
sometimes encountered with hard coatings. Attempts have been made to diffuse
boron thermally from an outer layer (diffusion source) into beryllium to harden the
surface. However, it appears that beryllium atoms may preferentially diffuse
outward into the boron (rather than the boron diffusing into the beryllium), which
would make this technique unsuitable for the preparation of desired surface alloys.

Implantations were carried out and microhardness tests and Rutherford
backscattering studies were made to determine the effect of sputtering on the
maximum attainable boron concentration and the effect of thermal annealing on the
redistribution of the implanted boron.

2. MICROHARDNESS TESTS

The boron distribution for these tests was composed of four overlapping
gaussian boron distributions implanted at energies ranging from 90 to 250 keV at
fluences between 1.2x 10'7 and 1.7 x 10" '"'B atoms ¢m 2. The cnergies and
fluences were chosen to produce a relatively uniform boron distribution of
approximately 10 at.”,, concentration extending into the beryllium host to about 0.8

* Paper presented at the International Conference on Metallurgical Coatings, San Dicgo, Calitorma,
USA,Apnl 23 271974
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28 R. A. KANT ¢! ul.

um. Samples were also implanted at proportionally higher fluences to produce 20
at.’, and 40 at®, concentrations. Microhardness tests were made by impressing a
pyramidal (Knoop) diamond stylus into the surface of the sample under a fixed load
of 5. 10 or 25 g, measuring the dimension of the resultant depression and converting
this 1o a microhardness value which is related to the yield stress of the material. Such
measurements are difficult to quantify when the thickness of the layer 10 be
measured is less than ten times the depth of penetration of the stylus. Nevertheless
comparative measurements serve as useful guides.

Figures 1 and 2 are plots of the microhardness test results obtained on as-
implanted samples and on samples annealed for 1 hat 650 C. As expected the results
for the lighter loads more properly indicate the changes produced by the
implantation. Both figures show an overall increase of hardness with increasing
boron concentration. In addition thermal annealing produvees a further net increase
of hardness at the highest concentrations.
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Fig. 1. Relative hardness of as-aimplanted HP-40 as a function of the imitial peak boron concentration
The tigures on the curves are hardness values normalized to the umimplanted hardness values obtned at
cach load.

Fig. 2. Relative hardness of implanted HP-40 anncaled for Uhat 650 C as a function of the imtial peak
boron concentration. The figures on the curves are hardness values normalized to the unmimplanted
hardness values obtained at cach load.

The microhardness values obtained for near-surface regions can be influenced
by several competing factors. The implantation process is expected to produce
increases of hardness due to radiation damage and to compressive stress introduced
by forcing a large number of impurity atoms into a host lattice. Thermal anncaling
reduces near-surface damage produced during sample preparation (eg. by
polishing) as well as radiaton damage produced during implantation. Post-
implantation heating can also facilitate the formation of surface oxides or of
beryllium boride precipitates producing precipitation hardening. All of these factors
are believed to be involved and yield the results shown in Fig. 2 however, the most
stgnificant net result is the hardening seen for the annealed sample of highest fluence

66




SURFACE HARDENING OF Be BY JON IMPL ANTATION 29

This is presumably caused by the formation of a layer of a (hard) beryllium
compound, the formation of beryllium boride precipitates causing hardening., or
both of these. Microstructural studies in progress are expected to reveal which
Processes are occurring,

RERYLLIUM
l t DG 4

BORCN

:5::» t Dt J
= OXYGEN
L 111).‘-1 4
o

REREEHY

EECENE .

1. il —1

CHANNE

Fig 3 Backscattering spectrum of as-implanted benyiium (4 « 100 Batoms a7y

3. JON BACKSCATTERING ANAL YSIS

Helium fon backscattering (3 Me V) was used to (1) measure the depth profile of
the implanted boron. (21 study the effects of annealing on the boron distribution and
(3) evaluate the hmitation imposed by sputtering on the achievable boron
concentration. Figure 3 is the backscattering spectrum of a samiple implanted with
75 keV boron toa fluence of 4 % 10' Batomsem *and Fig. $1s the spectrum of the
same sample after anncaling a1 650 C for 20 min. Several conclusions can be drawn
from these spectra, The argon marker implanted before the boron implantation was
not abserved to shift in energy (ie. depth) due to the boron implamation. indicating
that the sputtering rate due to the boronimplantation is very low, This implies tha
highter)concentrations of boren can be achteved. A companison of the boron signals
before and after anncaling shows that anncahing reduces the peik concentration and
appears to move the boron towards the surface In addition, the shiape of the boron
signal in Fig. 4 is consistent with that expected of boron were precipitating out',
presumably as a beryilium boride. These results mdicate thit it should be possible to
attain g boron concentration high enough to favor the formation of & tayer of the
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30 R. A. KANT ¢l al.

hardest beryllium boride BeB,. The B Be phase diagram indicates that BeB, may be
present in the annealed layer containing 40 at.”,, implanted boron.

By using 1on implantation to produce a buried layer containing boron. the
limitations imposed by solubility and diffusivity are avoided and much greater
boron concentrations than those attainable with conventional thermal treatments
are generated. Time and temperature exposures are also greatly reduced compared
with conventional diffusion. Whether implantation will prove to be an appropriate
fabrication technique for this particular use will require further study. Nevertheless.
this example serves to demonstrate the potential advantages of ion implantation as a
surface-modifying technique for small critical parts. These potential advantages
include the following: no macroscopic dimension changes, adhesion superior to that
for coatings (because of no abrupt interfaces) and none of the porosity problems that
are associated with some coatings for this application.
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Fig. 4. Backscattering spectrum of boron-implanted berythum annealed at 650 Cfor 20mind = 10'" B
atomscm ‘).
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The Effect of lon Implantation on Fatigue Behavior of Ti-6 Al-4V Alloy

R. G. Vardiman
Alloy Transformations and Kineties Branch
Material Science and Technology Division

Fatigue is a frequent cause of failure in metesls and is very sensitive to surface
effects. The technique of ion implantation is known to be effective in improving the
surface properties of metals and alloys. The present study is one of the first to
demonstrate substrntial fatigue life improvement by ion implantation.

17Carbon and pitrogen have been implanted ina - 8 processed Ti-6Al-4V. A dose of 2
x 100" atoms/em”™ at 75 keV was used for each implant. This gives a maximum
concentration of the implanted species of approximately 25 at.% at a depth of 70 to 80
nm beneath the surface.

The microstructure of the implanted layer was examined by transmission electron
microscopy (TEM) using an implanted TEM specimen which had been partly thinned on one
side. Final thinning experimentation was done from the opposite side. The structure
found for the nitrogen implants consisted of a dense, poorly resolved damaged layer when
viewed in bright field (Fig. la). Some electron diffraction patterns showed faint diffuse
rings, and imaging in dark field with a beem from an area of the two closely spaced,
innermost rings revealed second phase particles, typically about 10 nm in size (Fig. 1b).
The diffraction pattern indicated a face-centered cubic structure with an estimated
lattice parameter very close to that of TiN. Although another phase, Ti,N can exist in
the concentration range developed with these implants, it was not ‘detected, and
conditions apparently do not favor its formation.

The Nt implanted samples were annealed in vacuum for four hours at 500°C. The
diffraction patterns from the N implanted samples were somewhat stronger and sharper,
but particle size was only slightly increased as might be expected from the low mobility
of nitrogen in titanium. Also, no noticeable change was found in the damage structure.

Carbon implanted samples showed the same dense damage structure, but, in
addition, second phase particles were visible in bright ficld (Fig. 2). The amount of second
phase appeared to be greater than in the case of nitrogen implantation. Diffuse rings
were again found in the electron diffraction pattern and, in this case, corrgsponded to the
structure and lattice parameter of TiC. After a one hour anneal at 400°C in ultra-high
vacuum, their size range increased sharply (Fig. 2b), thus showing the greater mobility of
carbon over nitrogen in & -Ti,

Implanted fatigue specimens of Ti~6 Al-4V were tested in rotating beam fatigue with
the results shown in Fig. 3. It can be seen that although both implant species improved
fatigue life, the carbon implant gives superior results at all stress levels, with an
endurance limit increase of about 20 percent and a factor of 4 to 5 improvement in
lifetime at the higher stress levels. Specimens given the heat treatment mentioned
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previously showed no significant change in lifetime. It is natural to attribute the
) superiority of carbon implantation to the greater amount of second phase produced as {
compared to nitrogen implantation.
; Carbon doses less thanl,} X 1017 atoms/cmZ do not give the full lifetime increase.
; The eifect saturates at 1 x 10", and higher doeses do not change the fatigue life further,
as shown in Fig. 4.

Many of the fatigue fracture surfaces have been examin%d in the scanning electron
microscope. For all cases where the lifetime exceeded 2 x 107 cycles, the origin of the
fatigue crack was found to occur between 25 and150 u m below the surface irrespective of ;
whether the specimen had been implanted or not. Such subsurface crack origins in
titanium alloys have been reported by others and apparently give the same fatigue life as
cracks which originated at the surface. The fact that fatigue life is increased despite the "
origination of the fatigue crck well below the implanted region indicates a complex effect 1
of implantation on the failure mechanism.
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(h)
Fig. 1 Ti6ALIV implanted with 2 X 1077 at.jem® of nitrogen,
TEM foils; (a) bright field, (b)) dark Tield using beam from a sece-
tion of the innermost diffuse rings of the diffraction pattern shown
in inset,
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CORROSION CONTROL BY ION IMPLANTATION

E. McCafferty,l G. K. Hubler,2 and J. K. Hirvonen2

lAdveamced Materials Technology Branch
Material Science and Technology Division

2Materials Modification and Analysis Branch
Radiation Technology Division
Naval Research Laboratory

This work was suported by the Naval Air Propulsion Center, Trenton, N.J.
and the Office of Naval Research

77 1




435

CORROSION CONTROL BY ION-IMPLANTATION

E. McCafferty, G. K. Bubler, and J. K. Hirvonen
Naval Research Laboratory, Washington, DC 20375

ABSTRACT

An exciting new approach to corrosion control is the modification of the surface
of metals by ion implantation. Ion implantation is a process by which high velocity
ion beams of any desired alloying element are bombarded into the surface region of
the substrate metal. The Naval Research Laboratory is involved in a broad research
program on the application of ion implantation for the improvement of material
properties, including resistance to aqueous corrosion. This paper outlines the
characteristics and advantages of the ion implantation method and illustrates the
approach with two examples of corrosion research in progress at the Naval Research
Laboratory. The first of these is a fundamental study on the effect of implanted
palladium on the corrosion of titanium in hot, concentrated acids. Implanted P4
reduces the corrosion rate of Ti by a factor of 1,000, with the improvement due to
retention of Pd at the surface. The second example is a practical study on the use
of ion implantation to improve the corrosion resistance of bearing alloys used in
aircraft engines. Preliminary results indicate that Cr implantation substantially
reduces pitting corrosion of M50 steel in chloride-contaminated lubricating oil.

Introduction

Aqueous corrosion is caused by electrochemical reactions occurring at the metal
surface. One method of corrosion control is to introduce by alloying elements which
improve the inherent thermodynamic stability of the surface, or promote the forma-
tion of protective films. One general problem with bulk alloying is that elements
wvhich improve corrosion resistance may not be those which give the desired struc-
tural properties of the material. 1In many cases this problem can be surmounted
through the use of inhibitors or surface treatment techniques. Ion implantation is
a new method of surface treatment in which high velocity ion beams of any desired
alloying element are bombarded into the surface region of the substrate metal. Ion
implantation offers the advantage of modifying the surface composition without
altering bulk properties because the implanted region is typically only hundreds to
thousands of angstroms deep.

Despite the rapid acceptance of ion implantation in zome fields, such as in the
manufacture of semiconductor devices (1), comparatively little attention has been
paid the possibility of controlling aqueous corrosion by means of ion implantation.
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The purpose of this paper is to provide some background on the ion implantation
method and to illustrate the approach with two examples of corrosion research in
progress at the Naval Research Laboratory. One of these examples is a laboratory
investigation on the implantation of palladium into titanium. The second is a more
practical study on the use of ion implantation to improve the corrosion resistance
of M50 alloy bearings used in aircraft engines.

The Ion Implantation Method

Ion implantation is a process by which virtually any element can be injected
into the near-surface region of any solid by means of a beam of high-velocity ions
(usually tens to hundreds KeV) striking a target mounted in a vacuum chamber.

Figure 1 is a schematic representation of the Naval Research Laboratory ion
implantation apparatus. Atoms of the desired species are ionized in the ion source
and injected into an acceleration stage. Since many ions in addition to the desired
species are accelerated, an ion analysis magnet is necessary to separate the desired
ions. Further down the beam line the ion beam is rastor scanned by means of
electrostatic deflection plates to ensure that a uniform distribution of atoms is
implanted laterally along the surface. By collecting the ion current at the target
in a Faraday cage, and by knowing the area over which the beam is scanged, the number
of ions implanted can be measured (usually quoted in units of ions/cm™ ). The target
chamber is equipped to either heat or cg%l the substrates during implantations which
are carried out in a vacuum of about 10 ~ Torr. The NRL ion implantation facilities
consist of a 200—KeV implanter and a 5-MV Van de Graaff accelerator. The maximum
area which can presently be implanted at one time is a 2-inch x 2-inch area. A
second, commercially manufactured, production-type ion implantation apparatus cur-
rently being installed is expected to implant areas as large as 10 square inches.

ION IMPLANTATION SYSTEM
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Pig. 1. The Naval Research Laboratory ion implantation system.
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The bombarding ions lose energy in collisions with substrate electrons and
atoms. Penetration depths of tens to thousands of angstroms are achieved before the
incident ions lose all their energy and come to a stop. The depth of penetration
depends on the accelerating voltage, type of ion, and nature of the substrate. The
maximum concentration of implanted atoms is located beneath the substrate surface,
and the depth-concentration profile usually follows a gaussian distribution. The
surface concentration of implanted ions that can be achieved ranges from extremely
dilute alloys to 50 atomic percent. Table 1 summarizes the various characteristics
of the ion implantation process.

Some distinct advantages of ion implantation as used in corrosion science are
that special alloys may be formed at the surface of a metal which inhibit corrosion,
without the alteration of desired bulk properties. There is no problem with
adhesion of the surface layer as there is with deposited coatings since there is no
abrupt interface present between the implanted-alloy layers and the substrate,
These and other advantages of the ion implantation method are summarized in Table 2.

The Naval Research Laboratory is currently involved in a broad program on the

use of ion implantation to improve various properties of engineering materials.
Some of the corrosion related aspects of that program are listed in Table 3.

Table 1 - ION IMPLANTATION PARAMETERS

Implanted elements - Virtually any element from hydrogen to uranium can be implanted.

Ion energies - Normally 2 to 200 KeV. Energies up to 5 MeV may be obtained with
the Van de Graaff accelerator.

Implantation depths - Vary with ion energy, ion species and host material. Ranges normally
100 angstroms to 10,000 angstroms.

Range distribution - Approximately gaussian. Choice of energies allow tailored depth
distribution profiles.

Concentration - From trace amounts up to 50% or more.

Host material - Any solid material can be implanted, including metals, semi-

conductors, and insulators.
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1. No sacrifice of bulk properties.

2. Solid solubility limit can be exceeded.

3. Alloy preparation independent of diffusion constants.

Table 2 - ADVANTAGES OF ION IMPLANTATION

4. No coating adhesion problems since there is no interface,

5. No change in sample dimensions.

6. Depth concentration distribution controllable.

7. Composition may be changed without affecting grain sizes.

8. Precise location of implanted area(s).

Table 3 - RESEARCH ACTIVITIES AT THE NAVAL RESEARCH LABORATORY

ON THE EFFECT OF ION IMPLANTATION ON AQUEOUS CORROSION

System
Pd into Ti

Various ions into
M50 alloy

N, Y, and Pt
into Ti and
Ti-6Al-4V

Various ions into
aluminum alloys
and high-strength
steels

Various ions into
Fe foils

Applications

Resistance to hot salt
corrosion; resistance to
crevice corrosion

Improve the pitting
resistance of bearing
alloys used in ajreraft
engines

Improve fatigue lifetime

Improve resistance to
pitting and general
corrosion

Reduce hydrogen permeation
rate through Fe foils
(hydrogen embrittlement)
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A Fundamental Study: Palladium Implanted Titanium

There have been but a few studies (2-4) on the effect of ion implantation on
aqueous corrosion resistance. The system chosen for initial study in the Naval
Research Laboratory program was palladium implanted into titanium. This model
system was selected because it is well known that small additions of P4 in bulk
alloys (0.1 atomic percent) produce a dramatic reduction in the corrosion rate of
titanium in hot, concentrated acids (5,6).

Our results show that ion implantation with palladium reduces the corrosion
rate of titanium by a factor of about 1,000. This improvement suggests applications
where crevice corrosion, with its concomitant local acidity (7), would be a problem.
Indeed, palladium-titanium bulk alloys have better crevice corrosion resistance
than titanium in hot chloride solutions (8,9).

This section will present some of the results of this investigation. More
detail is provided elsewhere (10,11). Samples of pure titanium rod (3/8 inch diam.)
were mounted in epoxy molds and polished tole mirror {inish. These surfaces were
implanted with palladium to a fluence of 1x10 ions/cm” at an energy of 90 KeV. The
resulting palladium concentration profile was approximately gaussian shaped and
centered at a depth of 240 angstroms beneath the titanium surface. The concen-
tration of palladium at that depth was 5 atomic percent, with less than 0.1 atomic
percent Pd at the titanium surface.

Figure 2 shows electrode potentials vs. Hg/Bgzso as a function of immersion
time for pure Ti, pure Pd, and Pd~implanted Ti samples in boiling 1M HZSO . The time
axis is plotted logarithmically for illustration purposes only. The s‘teady—state
open-circuit corrosion potential of palladium is approximately 1000 mV more noble
than that of pure titanium. The steady-state corrosion potential of the implanted
sample is much closer to that of pure palladium than that of pure titanium.
Moreover, in the first few minutes of immersion, the implanted samples showed a
rapid shift from an electrode potential near that of pure Ti to a potential close to
that for pure Pd. After 1 minute in the case of two of the implanted samples and
after 1.5 minutes for a third, the electrode potential was -1.0 volts vs. Hg/BgZSO‘
and tending toward the potential of pure titanium. In the next few seconds in each
case, however, the electrode potential revergsed toward the noble direction as the
Ti-rich surface dissolved away to expose a new surface region containing an
increased concentration of Ppd.

The buildup of palladium at the surface during the corrosion process was
determined by Rutherford backscattering of helium ions. This is a technique in
which a beam of monoenergetic helium ions is allowed to impinge on a surface at a
constant angle. The number of backscattered helium ions collected for a given
number of incident ions is proportional to the concentration of dopant atoms which
cause the scattering. The energy of backscattered particles can be related to the
depth of the dopant atom.
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Figure 3 shows backscattering depth-concentration profiles for an as-implanted
sample and for samples corroded for two different immersion times. The increased
peak height in the Pd profile with time indicates that Pd is being built up at the
surface. The area under the curves, which is proportional to the total amount of Pd
retained in the sample, is the same for all three curves indj ~ating that no Pd is
lost during the corrosion process. The maximum surface concentration of Pd built up
during this process was about 20 percent. In the longest experiment run to date, Pd
was retained for as long as 8 hrs.

Figure 4 shows potentiostatic anodic polarization curves for pure titanium,
pure palladium, and palladium~implanted titanium in boiling 1M H.S0,. All curves
were determined after steady-state open circuit potentials were first established (2
to 2-1/2 hrs. immersion). The anodic curve for pure titanium shows the normal
active-passive behavior which has been typically observed (5,6,12). Well defined
Tafel slopes were not observed in the active region, but the corrosion rate at the
open—ﬁircuit potential was determined by colorimetric analysis of Bolqs}on to be 3.7
mA/cm”, on the basis that the overall anodic reaction is Ti ——eTi + 3 (12).
The implanted samples display a passive current density of 2 to § pyA/cm”, which
may be estimated to be the corrosion rate at the open-circuit potential. Thus,
implantation with Pd lowers the corrosion rate of Ti by a factor of about 1,000.

To summarize thic section, ion implantation of titanium with palladium reduces
the open-circuit corrosion rate in boiling 1 M sulfuric acid by a factor of about
1,000. The open-circuit corrosion potential is shifted approximately 0.9 volts in
the noble direction and is a mixed potential between pure titanium and pure
palladium. Electrochemical measurements and Rutherford@ backscattering analysis
indicate tirat the improvement is due to the initial preferential dissolution of
titanium and the retention and buildup of implanted palladium,
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An Application: Corrosion-Resistant Bearings

Pitting corrosion in M50* alloy steel bearings used in turbojet engines has
been found to be a severe problem. The difficulty arises when salt spray condensate
accumulates in the engine lubricants of aircraft not in use. The Naval Research
Laboratory has recently begun a cooperative program with the Naval Air Propulsion
Center (Trenton, N.J.) to improve the corrosion resistance of bearing alloys by ion
implantation. This section will describe the preliminary results and will outline
work to be done in the near future.

Initial work demonstrated that implantation did not degrade the rolling contact
fatigue lifetime of the material as has been found for some coatings. The fact that
implantation produces no macroscopic dimensional changes and can be applied to
otherwise finished components are two additional reasons that ion implantation
appears potentially advantageous for this application.

Figure 5 shows the arrangement of a laboratory-simulated field service test.
The cylindrical surface resting on the flat side of the upright cylinder is intended
to simulate a roller bearing-on-race geometry. The cylinders were positioned in
place and were totally immersed for 2 hrs. in oil contaminated with 3 ppm chloride.
While still in place, the two parts were removed from the oil and allowed to drip
dry. A meniscus of contaminated oil was retained between the two parts, as shown in
Fig. 5. The twooparts with the m%Piscus intact were exposed to alternate cycles of
moist air at 100 F (8 hrs.) and 4 F (16 hrs.) for a total of 2 weeks.

When both the flat and cylindrical surfaces were unimplanted M50 alloy, there
was severe corrosion, as shown in Fig. 6, which is a top view photograph of the flat
surface. The attack occurs in two areas - in a line of pits underneath the line of
contact between the cylindrical and flat surfaces, and in the thin layer of oil
outside this region. As seen in the figure, the attack in both regions was
substantially reduced when the surfaces were ion implanted with Cr to produce a
surface concentration of 20% to 25%. (See Fig. 6).

1Puture work will involve corrosion testing the following implantations into M50
steel:

Mo, Mo+Cr, Ni, Ta, Ti, Al, Re, P«Cr,

The choice of ions to be implanted includes those species (Buch as Mo) known to
improve pitting resistance of conventional alloys as well as some (e.g., Ta) which
form corrosion resistant metastable alloys incapable of being produced by conven-
tional metallurgical means. The optimization of implantation parameters (e.g., ion
species, ion dose (concentration), and energy) will be determined by a combination
of conventional electrochemical characterizations of implanted surfaces as well as
further simulated field service corrosion tests. Selected ions which are promising
will finally be implanted into actual (spherical) bearings. A8 a corollary
investigation, selected ions from the above liast will also be implanted into
selected gear alloys such as case-hardened 9310 steel.

*Nominal composition of alloying elements: 43Cr, 4%Mo, 18V.
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1. Test pieces (both M50 alloy steel) were placed in contact
as indicated by the dotted line.

Q)

FLAT SURFACE

2. Both pieces in place were immersed in chloride-contaminated
oil for 2 hrs., removed, and allowed to dry.

3. A meniscus of contaminated oil was retained between the
two parts:

UPPER CYLINDER (end view)
CI-CONTAMINATED OIL

[ ‘ FLAT SURFACE

4. The above arrangement was exposed to moist air
cycled between 100°F and 4°F for 2 weeks.

Fig. 5. Laboratory-simulated field service test of corrosion of bearings.
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PROBLEM: PITTING CORROSION IN M50 ALLOY BEARINGS
APPROACH: PRODUCE CORROSION-RESISTANT SURFACE ALLOYS BY ION IMPLANTATION

Cr
CONCENTRATION
(AT. %)
0.1
DEPTH (um)

RESULTS: M50 SURFACES FOLLOWING SIMULATED FIELD SERVICE TEST

UNIMPLANTED Cr-IMPLANTED

Fig. 6. Results of the tests outlined in Fig. 5. When both parts were the M50
alloy, the flat surface suffered severe localized attack. A line of pits
was located at the meniscus center, and additional pitting was observed in
the thin layer near the edge of the flat surface. Ion implantation with Cr
eliminated both areas of attack (right photograph).

Summary and Prospectus

The characteristics and possible advantages of the ion implantation process
have been outlined in this paper. Two examples of ongoing corrosion research at NRL
have been given. The first of these, the Pd-implanted titanium work, has been
primarily directed toward gaining a better fundamental understanding of the effect
of implantation on a well-characterized system, although there may be applications
in improving the hot salt corrosion resistance and crevice corrosion resistance of
titanium alloys. The second study, which is still in its preliminary stages, is
more applied and is specifically aimed at improving the corrosion resistance of
bearing alloys presently used in aircraft engines.

It is too early to assess the utility of the ion implantation approach for
controlling aqueous corrosion. Initial applications will most likely involve small
critical parts, such as bearings, or perhaps special parts such as within crevices,
screw threads, or the like. Although ion implantation equipment technology is
presently capable of being scaled up for large size components, it remains to be
seen if there is both scientific merit and economic justification for such develop-
ment for corrosion control. 1In addition to these applications, however, the ability
to implant various ions into the metal surface offers a unique research tool for a
better understanding of corrosion mechanisms.
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PPERY Y

Pitting corrosion of M5S0 alloy steel bearings used in turbojet engines has been
found to be a severe problem. The difficuity arises when salt-spray condensates
accumulate in the engine lubricants of aircraft not in regular use. lon implantation
was applied to this problem because in the early stages of this work it was shown to
be able to mamtain both the dimensional stability and the contact fatigue lifetime of
the M S0 bearings.

Qualitative tests, which simulated the geometry and thermal cycle conditions
leading to pitting of the M50 bearing surface. were performed using oif containing 3
ppm NaCl Initially it was found that chromium surface alloys containing 20 25",
chromium substantially reduce the level of attack. Prior to further corrosion
simulation tests, potentio-kinetic studies were carnied out on M50 implanted with
chromium. molybdenum and titanivm in order to screen both the passivating
tendency of the surface alloys formed and their resistance to localized forms of
corrosion. Singular additions of chromium. molybdenum and titanium were found
to increase the resistance of M5S0 to localized breakdown significantly. The highest
resistance to localized breakdown was found for a mulu-implantation of chromium
and molybdenum.

| INTRODUCTION

Pitting corrosion of M SO alloy steel bearings used in turbojet engines has been
found to be a severe problem. The difficulty anises when salt-spray condensates
accumulate in the engine lubricants of aircraft not in regular use. lon implantation
was apphied to this problem because in the carly stages of this work 1t was shown to
be able to maitain both the dimensional stabiliiy and the rolling contact fatigue
Iifetime of the MSO hearing alloy.

Quahitative tests, which simulated the geometry and thermal ovcle conditions
Jeading to piting of the MSO beaning surface. were performed using o1l contaimng 3
ppm NaCl These expeniments consisted of putting two ovhindrical bearings in
contact with one another as shownan Fag | Piting was found to occur along the
line of contact between the avlinders and general staming occurred outade the

fPaper presented gt the Intemationad Conterence on Metallunnoal Coarings San Dhiepes Calitornag
TS A Aped 20 07 o™
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: LOCALIZED CORROSION RESISTANCE OF M SO BEARING STEHI {3
i
7 TABLE |
| PERCENTAGE COMPOSITION OF M SO
r’ Element Amount () Element Amouni )
Carbon Q.80 O.8S Molybdenum 400 450
Manganese 015 038 Vanadium 090 110
Silicon 010 028 Nickel 019 max
Phosphorus 0.015 max Cobalt 0.25 max
Sulfur 0.010 max Tungsten .25

Chromum 400425 Copper 010 max

2.2, lonimplantation

Samples were cut from M30 rods of diameter § in with a sihicon carbide cut-olf
wheel to produce “buttons” | in tall. One end of the button was polished with 600
grit paper and given a final mirror finish with 0.3 pm y-afumina pohish. The samples
] were then degreased in acetone, cleaned in detergent solution and washed i disuilled
water. The dried samples were then ion implanted. The implantation procedure has
been outlined in ref. 6. The fluences and energies used are givenin Table il

TABLE 11
FOUENCES AND ENFRGIES OF (ONSIMPLANTIOHIN MSO St
Sumple Ton Fluence ious em ) Fnergy theVy
Cr(H,S0,) Cr AR (U 150
Cr(Clest Ct 15 =t 150
Mo Mo Sx ot 1%
B T MRS o
Cr.Mo Cr LS’ 150

Mo S fore 100

4.
L]
. . .
N ‘a
t ]

Fig ¥V Probles of chromm an the chromumimplante:! Mt gltos obtaned by SV uang areonen
etching 7SheV Cr7 jons. @ 10 onvem T e 2L T0F oneom - Base Tt

Figure ¥ shows the immplant disttiibution of chromun m MSOfor fluences ot

10" and 2« 10" oy cm Y These profiles wete obtamed with election
spectroscopy for chemcal analbysis (ESC Ay using argonon ctchimg (4 heV carrent,
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20 pA: base pressure, 10 ° Torr). Sensitivity factors relating 1o the relatinve

photoelectron cross section of the 2p* ? suborbituls of iron and chromium were used
to normalize the peak heights and enable. therefore, a semigquantitative
determination of the concentrations of iron and chromium in the surface alloy™. To
account for the incipient chromium in the M50, 4 plot of the ratio of chromium o
iron found in the M5S0 is plotted with the profiles. The profiles show that a high
concentration of chromium (greater than 20 at” ) 1s achieved in the first few hundred
dngstroms. Further work to determine implant distributions is bemng carried out.

2.3. Anodic polarization studies

2.3.1. Active pussive beharior

Anodic polarization was carried out in hydrogen-saturited 1 N sulfunic aad
solution at 26 C using a con’ *ntional Gree,  cell. The samples were masked with
€poxy resin to prevent attack on unimplanted surfaces. All potentials were recorded
relative to the saturated calomel electrode (SCE). Removal of the air-formed film
was achieved by charging at — 300 mV below the open-circut potential £, for 10
min. Samples were then allowed to stabilize at open-arcuit. This usually took
approximately S min. Anodic scanning then followed at I mvs !

2.3.2. Localized breakdown in chloride solution

A stmilar procedure wis carried out in CH,COOH CH,COONu solutions
{also hydrogen saturated) in a range of pH from 4 to 6 to deternmne a solution pHi
where M5S0 shows an extensive passive range. A solution of pH 6 oroduced a very
small active range and an eatensive range of passivity. To this solution 0.8 M NaCCl
was added so that breakdown potentials due to locahized attack by chlonde wns,
by etther crevicing or pitting. could be determined. Anodic sweeps were carned out
at 1 mV s ! The surfaces were then examined by optical microscopy or scanning
electron microscopy (SEM).

3. RESULTS AND DISCUSSION
The polanization curves are shown in Figs. dand 3 and the salient features of the

anodic kinetics and the breakdown potentials for the chloride solution are given i
Table 111.

TABLE 111

PASSIVE CTRRENT DENSITIES AND BREARDOWN POTENTIALS

Sample E (mV) EytmV oA am )

Mo 673 AR .

Cr s 12 [RER

Mo S40 s 88 T

T: 62X 1] SXan

Cr,Mo(l) 9° s 1228 1710
ARt

Cr.Mo(lh e} » 480 $1.00

31 Active passive boaavior
The MSO curve shows a broad active anodic peak which s charactenstic of the

a6

b3
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Fig 4 Potentio-kinetic anodic polarization curves produced in hydrogen-saturated 1 N H,SO, for MS0O
steel, and for M5S0 steel aimplanted with titamum, chromium, molybdenum and chromum +

molybdenum
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Fig S Potentio-kipetic anodic polaiization curves produced in a buffer solution of pH 6 containing 0 1
M NaC'l for MSO steel. and for MSO steel implanted with tGtamum, chromium, molybdenum and
chromium + molybdenum

Itmiting current behavior usually attributed to the formation of an 1omic diffusion
layer or a non-protective salt layer. In the case of MSO this appears as a black
voluminous deposit. This film remained at the onset of passivity. At around + 470
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mV the black film is seen to breakdown and reform. This corresponds to a small
anodic current maximum and is accompanied by a reduction in the passive current
density. At + 550 mV an increase in current density is observed which terminates at
+ 750 mV in a stable region of passivity. The transpassive region was characterized
by oxygen evolution only. No cvidence of chromium dissolution was observed,
which may indicate that the chromium in M50 1s largely tied up.

Pure titanium is known to be active in deaerated sulfuric acid®. The pussive tilm
requires both oxygen and water for it to form. When alloyed 1o M30, tutanium
appears to dominate the anodic behavior because no passive range was observed.

Molybdenum was seen to alter the shape of the active peak. In addition to this
the surface remained shining up to + 125 mV, when black <pots of deposit were
observed prior to the sudden formation at the passive potential of a black tilm. This
film eventually failed at 1250 mV, prior to the onset of oxygen hberation. In the
passive region molybdenum was seen to reduce the passive current density.

Chromium was found to reduce the critical current density in the active region

by nearly one order of magnitude. The shape of the active peak was similar to that of

MS0. The surface allov produced a single passive region which extended up 1o + 975
mV where chromium dissolved transpassively. The benefit of chromum addition
was obvious from the permanent shining surface of the sample prior to transpassive
pitting.

The double-implanted surface alloy of chromium and moly bdenum produced a
single passive region and a transpassive peak. effects both attributable to chromium.
Again the shape of the active peak was broad. However, unlike the separate
chromium and molybdenum surface alloys, an inerease in the Tafel slope for active
dissolution was observed for this alloy. This produced a greater reduction i the
hmiting current density than achieved in the separate chromum and moly bdenum
surface alloys. Of course this may be due to the relative ditution of wron. Surface
analysis of these alloys will soon be carried out.

220 Anodic polurization in CH,COOH CH (COONa butiered at pH 6+ 0.1 M NaC|
It can be seen in cach curve that alloving removed the active nose observed tor
the M50 sample. All alloys self-passivated tn this solution. The pasane tilm formed
on M50 1n this solution 1s seen to break down rapdiy at - 2235 mV. In every case
examined the surface alloy was seen not only to form a passive ilm morge readily at
pH 6 but also to produce a film more stable to chioride 1on attack. The breakdown
potentials E, and passive current densities [ are given i Table L Tt van
be seen from the breakdown potentials that the resistunce of the MSO surlace
decreased  according to the  afloyimg  clements o the followmg  way
Cr.Mo > Cr > Mo - Tr > M300 In general it was found that the breakdown
potential observed corresponded to crevice corroston at the epovy resin alfoy
iterface rather than to pure pitting. However, pits were obsersed i all but one of
the systems studied. A discrimination between pitting potentials and creviee
potentials cannot therefore be made in this work. However, the experniments do give
a prehminary guide to the resistince to chlonde on attack of the passive tilims
formed by the surface alloys T was observed that the metal epoxy resininterface ot
chromium surfiace alloys was sertously attacked by crevice corrosion and by asmall
number of pits at the center. Only pits were observed for motyvbdenum suttace alloss,

et o
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re. chromium seemed to mprove the resistance o pitting and molvbdenum pre-
vented crevice cortoston of the samples. Tt was reasonable 1o expect the Cr.Mo
double-implanted surface allov to have i pood resistance to localized corrosion In-
deed. it would appear that Cr. Mo double implantation produced the surface alloy
most protective against tocalized corrosion. Two curves are shown for the Cr. Mo
surface alloy. The tirst sample did not break down until + [225mV, when it crevice
corroded at a region of the epoxy resin surface alloyv interface A SEM micrograph
of this attack 15 shown in Fig. 6. No other attack was observed even at higher
magnitication. It was noticed that minor fluctuations were observed in the current
density an all the implanted MSO samples. probubly due to rapid breakdown and
repanr of the passive ilme fos interesting to note that the fluctuation i the passive
density becomes more rapid at about + 625 mVoan the CroMo (D surface alloy,
correspanding to a second passive il regron. Incase (1D breakdown was at SOmvV
below the transition to the second passive region: This may andicate that the
irreproductbihity: lies o part i the mabdits of sample (1D to form the second
muodified region of passiviny
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4. CONCLUSIONS

Single high fluence (2 x 10" ions cm ™ ?) implants of Cr” ions into M30
prevented pitting in a chloride-contaminated oil simulated field test.

All of the surface alloys produced by implantation in this work improved the
localized corrosion resistance. The order of resistance to localized attack 1s given by
Cr.Mo > Cr > Mo > Ti > M50.-

The improvements in localized corrosion resistance in chloride solutions are
caused by the improved resistance to chloride ion attack of the passive film formed
on the surface of M50 at pH 6.
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Refractive index profiles and range distributions of silicon implanted with high-
energy nitrogen

G. K. Hubler, P. R. Malmberg, and T. P. Smith, lil*
Naval Pesearch Laboratory, Washington, D.C. 20375

(Received 22 March 1979; accepted for publication 7 June 1979)

Single-crystal silicon has been implanted with nitrogen ions at MeV energies, to fluences between

0.25x 10"* and 1.65x 10'* ions/cm’ at a substrate temperature of 700°C. Infrared transmission

and reflection spectra in the range of 1.2540 um were measured and interference fringes were

observed which are produced by the interference of light which has been multiply reflected

between the front surface and the buried layers. By detailed theoretical analyses of the

interference fringes we obtain refractive-index profiles, which, under suitable interpretation, -
provide accurate measurements of the range and straggling of the implanted ions. Rutherford

backscattering measurements on the same samples confirm this interpretation. Between the

energies of 0.67 and 3.17 MeV, the measured values of the projected range agree with theory )
after adjusting the electronic stopping power, but the straggling measurements are lower by .
~30%. It is demonstrated that the asymmetry of the range distribution can be measured with this

technique as well. 'S

PACS numbers: 78.20. — e, 78.65.Jd, 61.80.Mk, 61.70.Tm

I. INTRODUCTION

The formation of silicon nitride by high-fluence implan-
tation of nitrogen into silicon has been reported by several
aushors.'” In these studies, samples were implanted at low
energies (50-280 keV), were usually implanted with the sub-
strate at room temperature, and subsequent annealing steps
were used to promote silicon nitride formation. The result-
ing layers were studied by means of infrared absorption,'~
Rutherford backscattering,’ optical microscopy,** and elec-
tron diffraction.'?

This present work was begun with the intention of ex-
tending the previous studies to higher beam energies (~2
MeV). The higher energies were chosen to produce larger
thicknesses of second-phase material which would simplify
sample preparation and increase the sensitivity for all of the
techniqu :s mentioned above. High substrate temperatures
(~700°C) were used because it was thought that the high
temperature would promote silicon nitride formation direct-
ly, without subsequent annealing.

A silicon sample was implanted with 1.5-MeV nitrogen
ions to a fluence of 1.25 X 10 '* ions/cm ? at a substrate tem-
perature of 700 °C. The infrared (i-r) transmission spectrum
of this sample is shown in Fig. 1. The absorption band cen-
tered at 900 cm ' is strong evidence for significant silicon
nitride formation and has been observed by others.'* How-
ever, the transmission spectrum also reveals large amplitude
oscillations (30% peak-to-valley) between the wave num-
bers of ~ 1500 and 4000 cm ' which are the result of the
interference of light multiply reflected between the front sur-
face and the buried implanted layer. At wave numbers less
than ~ 1500 cm ', the dispersion caused by silicon nitride
absorption distorts the periodicity and amplitude of the in-
terference fringes.

“'Present address, 4443 Campuy Ave #5, San Diego, CA 92116.
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The large amplitude fringes indicated that the refrac-
tive index of the buried layer was substantially different than
that of pure sificon. It was decided to study the interference
fringes in more detail, and to make silicon nitride formation
a secondary objective. Therefore, questions regarding the
microstructure and electrical properties of the implanted ni-
trogen layers will not be addressed here, and the discussion
of ir spectra will be limited to wave numbers greater than
about 2000 cm ', where it can be assumed that dispersion
caused by the silicon nitride absorption band is negligible.

A series of samples were implanted with N ions to
fluences between 2.5% 10 ' and 1.65x 10 "* ions/cm * and
for energies betwen 0.67 and 3.17 MeV. The refractive-index
profiles of the implanted layers were determined from least-
square computer fitting of the interference spectra. The fit-
ting function was a Gaussian-shape refractive-index profile
which was shown to mirror the nitrogen concentration pro-
file by means of Rutherford backscattering measurements.
Therefore, the results of the computer fits were expressed as

100
20,
w0
-
I —iarty
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'?’ wos_S \/ \\ /T\\N\
g > ~— \ A
- x 2t wasate \ { L
2 o
10
000 3600 000 4% 2000 800 1000 S0
WAVE NUMBER 1(TM *
FIG | Infrared tr spectrum of d sihicon, and silicon

implanted with 1 25 x 10" nitrogen 1ons/cm st an energy of | 5 MeV The
substrate temperature during implantation was 700 *C
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TABLEF 1 Charactensues of implanted layers as determuned by computer tits to the 11 spectra

Sample  Fnergy Fluence R JR MR v MR )
fit (MeVy (4" em} K oor I (um) Gam) (exp ) (10 ') (eakedy Comments
la 067 80 r 1106 om7 142 0.00 253
1h r [N o076 246 R 2000-%XX) cm , symmetnc Gaussian
IS I 1161” [SARL 240 082 245 20000 8OO0 cm 7, asymmetne Gaussian,
0045 median of profile 1 103 um
M 06? 100 r 1 06s 0089 m 008 228
3 [LE 2 [N I 1236 42 SR AR ) fired. surface spallation
4 107 Lie R 1 444 0108 127 0.42 MR
(1451
S 140 (28 I 1780 108 It 02 LRES
o 140 0 60 I 1770 0409 pRA] 028 m
7 140 )28 r 1.754 0100 201 160 20
Sa 150 128 r 1.842 0106 221 170 228 Fo1014
8t R 1 706 0107 o 03l 22 1000 °C.1 b anneal, HE wash,
sy back surface lapped
Q 117 0s3 I 2 989 a1 T ER 0.28 287 £ O0OM8
1 i 188 I 2963 013 193 038 212
10b R 1941 114 193 0l 14
(2.956)
343 n of wumplanted stheon at 3000 ¢cm

‘Number refers to sample, letter refers (o fiting procedure
"Depth of maumum refractin e mdex change where the two half-Gaussian
distrbutions are joned (see teat)

the nitrogen .20 projected range R, and straggling 4R .
Good agreem:nt is obtained between measured R, values
and stopping power theory when the electronic stopping
power is arbitrarily adjusted to fit the data. Values of AR,
for the adjusted theory are about 40% higher than the mea-
surements. It is also shown that the interference fringes are
sensitive to the asymmetry of the range distribution as well.
This is the first determination of implanted-ion range distni-
L utions by reflection interference-fringe analysis.

1. BACKGROUND

Thin film interference fringes in reflection and trans-
mission spectra produced by ion implantation have been ob-
served in both the visible® and infrared’ " wavelength re-
gions. Crowder ¢f al. used the spacing between fringe
maxima and minima to determine the depth of disordered
silicon layers produced by low-energy (approximately 280
keV) implants of Si. P, and As ions.”*" In that experiment,
the ion fluence was sufficient to completely disorder silicon
from the front surface down to a depth corresponding to the
projected range of the implanted ions. The fringes arise from
interference between light reflected by the front surface and
light reflected at the disorder-to-crystalline interface. The
latter reflection is produced by the discontinuity in the re-
fractive index since the refractive index of disordered silicon
is about 15% greater than that of crystalline silicon.* For
light normally incident to the surface, the depth d of the
reflecting interface is given by the simple expression

1 1
d=s — ——-, M
n L, - L,
where n is the refractive index of disordered silicon and L
and L, are the wave numbers of two successive fringe maxi-

ma or minima. (Per usual convention, wave number is de-
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Value of R carrected for 207 angle of ncidence of reflection attachment
“Standard deviations of the sucface directed and buth directed half-Gauos
sians, respectively {see teat)

fined as the reciprocal of the wavelength in units of cm !

and is proportional to the light frequency). Since phase terms
entering into the thin-film interference equations are of the
form exp(2m idL ). the interference fringes are a periodic
function of wave number L.

Kachare ef al. obtained data similar to that of Crowder
for the systems nitrogen and phosphorous implanted into
GaAs. and GaP'' ¥ and Spitzer er al.' and Hubler er al* have
obtained fringes for phosphorus and silicon implanted into
silicon. Kachare et al. extended the interference-fringe anal-
ysis further by fitting a thin-film interference model for three
layers to the data. Layer | was air, layer 2 was the disordered
substrate, and layer 3 was the semi-infinite crystalline sub-
strate, with an infinitely thin boundary layer between the
crystalline and disordered regions. Good fits were obtained
with this model and they were able to extract the thickness of
the disordered layer and its refractive index. However, the
refractive index of layer 3 required 1o give these fits did not
agree with the refractive index of crystalline silicon. The au-
thors attributed this to the possibility that the data were sen-
sitive to the fact that the disorder-to-crystalline interface is
not abrupt, but changes smoothly between ordered and dis-
ordered material over a finite dimension. This suggestion
was shown to be correct when Hubler ef a/.* connected the
disorder/crystalline material smoothly with a half-Gaussian
refractive-index shape and obtained good fits to i-r reflection
data for phosphorus and silicon implanted silicon and for a
substrate refractive index equal to that of silicon.

In the work reported here a high substrate temperature
was used during implantation which maintained the silicon
in the crystalline state down to the depth of the implanted
nitrogen ions. Therefore, the fringes in Fig. 1 are due to re-
flection from a bunied layer whose index of refraction has
been changed from that of pure crystalline silicon in contrast

Hubler, Maimberg, and Smith, 11l 7148




tothe data of Crowdereral., Kachareeral., and Hublereral.
which represent a uniform layer out to the surface. Equation
(1) is still approximately valid to estimate the depth of the
implanted ions because most of the optical path is through
the Si cover layer and the width of the buried layer is small
compared to its depth.

N EXPERIMENTAL PROCEDURES

Implantations were carried out on the NRL 5-MV Van
de Graaff accelerator at six particle energies between 0.67
and 3.17 MeV into the (111) face of 0.38-mm-thick float-
zone single crystals of silicon. The silicon was 10-£2 cm resis-
tivity, p-type, and electropolished by the manutacturer leav-
ing a mirror finish on both sides. The conditions for these
implants may be found in Table 1. Because the molecular
N, beam was more abundant than the monatomic, the mo-
lecular beam was used for all energies except the 3.17-MeV
implant (where accelerator voltage limitations made use of
the N * ion beam necessary). Samples were heated by the
power in the ion beam (= 5-15 W). Heat loss was controlled
by varying the heat shielding. For low power the sample was
almost completely wrapped with two layers of 0.0:5-mm
tantalum except for a window for the beam, whereas at high
power there was minimal heat shielding. Adjustment of tem-
perature for each shielding condition was done by varying
the beam current. The temperature was judged by observing
the color of the samples through a window and maintaining
it at a medium red which should be about at 700-800 C."*
One direct optical pyrometer measurement was made and
agreed well with 700 °C.

The beam was scanned at 10 kHz horizontally and 100
Hz vertically by means of electrostatic deflection plates. This
produced good lateral uniformity of fluence over the im-
planted area. The size of the surfaces implanted with nitro-
gen varied between 0.4 and 1.0 cm °. Beam current collected
on the target holder was integrated for fluence determina-
tions with an accuracy of + 5% and the samples were im-
planted at a 7° tilt angle to minimize effects of channeling.
Prevention of contamination of the target surface during
prolonged implantations was achieved with the heating of
the target, a vacuum of 10 * Torr, and a liquid nitrogen
cold trap near the target. Normally it was impossible to de-
termine the position of the implanted area on the sample
surface by visual observation.

Infrared transmission and reflection measurements
were made by means of a Beckman IR-20A X double-beam
spectrometer for frequencies between 600 and 4000 wave
numbers. This spectrometer was purged of water vapor and
CO, by circulating room air through columns of activated
alumina. For frequencies between 4000 and 8000 wave num-
bers, a Beckman IR-4 double-beam spectrometer was used.
The quoted accuracy of these instrumentsis + 1% in abso-
lute transmission, and the reproducibility is + 0.2%.

For reflection measurements a specular reflection at-
tachment was employed which had a fixed angle of incidence
to the sample normal of 20°. A front surface Al mirror pro-
vided the 100% reflection standard. To obtain the absolute
reflection R from the sample, the reflection from the mirror
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was taken to be that of an aged high-vacuum evaporated Al
film.”

IV. THEORETICAL MODEL AND DATA ANALYSIS

As discussed in the introduction, the substrate implant
temperature of 700 °C is well above the temperature for rap-
id regrowth of disordered silicon, which is about 600 "C.
Therefore, we expect that there will be a crystalline cover
layer extending from the surface down to the buried nitrogen
layer. This was confirmed by a glancing-angle electron-dif-
fraction measurement on one implanted sample which re-
vealed a (111) oriented single-crystal surface.

Also from results previously mentioned, we know that
silicon nitride absorption bands are created in the buned
layer. Since the index of refraction of Si, N, is less than Si,
we may expect to find the effective refractive index of the
buried layer less than Si. Therefore, the i-r reflection and
transmission spectra were computed assuming a model simi-
lar to the 3-layer moxdcl of Kachare (layer  was crystalline
silicon, layer 2 was silicon nitride, and layer 3 was crystalline
silicon). This mode! proved to be inadequate because no
physically reasonable set of parameters could be found
which reproduced the data in Fig. 1.

Since the implanted N profile is predicted to be Gaus-
stan in shape, it might be assumed that the refractive-index
profile is likewise a Gaussian. Direct analytical calculation
of results to be expected from such a Gaussian distribution
did not appear practical, and therefore an approximate
method was necessary. Accordingly, a computer code was
written to allow the calculation of interference at normal
incidence in reflection (R ) and transmission (7°) from multi-
layer thin films using the expressions of Heavens.* This code
calculates R and / from an arbitrary number of layers, the
only inputs being the indices of refraction #,, extinction coef-
ficients k,, and layer thicknesses Z, for a total of / layers.

The calculations are performed for the wave-number
region greater than 2000cm ' where it can be assumed that

LAYERS —
32 =it R
A St St +N Si
nyel np =343 LA ng;343
Z, Z,*Rp-koR, Z' Z2,*380um
e ——
) ! 80 LAYERS #'
v 1
3 !

343 _,‘__.\/*__‘
[} n(Rp) —

d
[
'
1
)
v
4

L A g g

[} *ARD R’ *AR,
DEPTH —e
F1G.2 The upper halfis a sch P of the multilayer inter-

ference model which approaimates the refractive-index profile shown in the
lower half of the figure
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all &, = 0. The variation with wave number of the index of
refraction of the substrate n, was included in the model by
fitting the data of Salzberg and Villa® to a Cauchy equation
with the result

5.8876x 10" ]'°
1913y’ - L7
This reproduces the experimental silicon refractive index as
a function of frequency to better than three decimal places.
Figure 2 indicates some details of the input information of
the calculations. As shown in the lower portion the index of
refraction is characterized by the three parameters: R, the
distance to the peak of the Gaussian; 4R, the standard devi-
ation of th~ Caussian; and n(R,, ), the retracuve index at the
Gaussian peak. As a practical matter for the calculation, the
Gaussian is truncated in the wings at « standard deviations.
This refractive-index profile is approximated by dividing the
implanted region into many uniform layers of equal thick-
ness Z, = 8z, but with different indices of refraction as deter-
mined by the Gaussian distribution. Thus, the quantities 7,
in the implanted region are taken as

n,=n — ("1 —"(Rp)]

n = | 4147 + 2

\'exp[ -4 (-———-———_ KAR'“A; b - 1) )] (&)

Convergence tests have shown that R and T are calculated to
better than 0.1% accuracy if x = 4 and 8z < 4R, /10. Thus,
about 80 layers are required to approximate the Gaussiar:.
This model was used as the fitting function to a nonlin-
ear Jeast-squares fitting code to determine the parameters
R,.4R,,and n(R,). The results of a fit are illustrated in Fig.
3. (This sample had the back surface lapped to eliminate rear
surface reflections and had been annealed at 1000 °C for 1 h
in a partial pressure of oxygen followed by an HF wash.)
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FIG } Reflectivity of silicon implanted with | $-MeV mitrogen ions to a
fluence of 1.25 % 10 " 1ons/cm * The substrate temperature durning implan-
tation was 700 °C and was annesled after implantation at 1000°Cfor L hina
parnial pressure of oaygen The onide was removed by an HF acid wash and
the rear surface was lapped o climinate rear surface reflections The smooth
curve is the result of Atting the data 1o the model described in the text The
Atting function was the refractive index profile shown in the insect
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The quality of the fit shown in Fig. 3 is very good and
the insert shows the refractive-index profile computed from
the best fit parameters. (This is sample 8b in Table I). For
computer fits to reflectivity data, the fitted R, value must be
corrected for the small optical-path difference between the
computed 0° and the actual 20° angle of incidence 6, to the
surface normal imposed by the reflection attachment on the
i-r spectrometer. For small angles this correction takes the
form

nR,.

(n? —sin’9)' '
and its value appears in parentheses below R, in Table .

To calculate i-r reflection or transmission for samples
polished on both sides, the method of Berning was employed
which sums the rear surface reflections incoherently with
those of the front surface layers to eliminate interference
with the rear surface reflections.’’ The interference fringes
caused by front surface-rear surface reflections do not ap-
pear in our experimental spectra because the frequency reso-
lution of the spectrometer was adjusted to be greater than the
fringe spacing

It is instructive to ask what features of the data each of
the three fitting parameters are sensitive to. Figure 4 shows
the computer generated i-r transmission spectra for van-
ations around the parameter values R - 20 um,

AR, = 01pum, and n(R.) - 2.0.In Fig 4(a) the change

R 4)

preal
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FIG S Infraced tansmisson and reflectance of silicon implanted with
V17-MeV mtrogen sons to s fluence of 159+ 10 wons em* The substrate
temperature during implantation was 700°C The volid curves i vabvulal-
ed fits uning u mde! which assumes a Gaussian shape for the refractive
mdey changes m the implanted faver

induced by reduciig R, by 0.1 gm is shown. s apparent
that the phase of the frimge patternis very sensiive to R
and the fringe spacing 1s alvo changed. This s usetul infor-
mation i that it provides an estimate of the sensitivaty of this
method to the parameters imolved. For example, we caleu-
late thatachange m R, of + 10 nmancreases chisquare by a
factor of 2 and produces a phase shift with respect 1o the
data. A conservative estimate of the precision of this param-
cteris + 15 nm. Simalarly, Fig 4(b) shows the generated 11
spectra for an inerease m (R ) of 0.4 and i Frg: $(0) the
spectra for changes of + 30 nmin AR We estimate the
precsion of these parameters tobe + 006 and + 10 nm,
respectively. In any fitting procedure 1t s desirable to have
nonunally independent features n the data controlled by
different parameters This model approaches this state of
affasrs in that i Fig 4t s seen that the foinge spacing and
phase are chiefly controlled by R the fringe amphitude by
n(R.). and the modulation of the fringe amphtude by JR

One test of the model i to fit reflecnion and transnns-
ston data from the same sample. and require that K and Tat
all fequencies sum to 1O, and require that the nonlinear
least-squares fits yield the same values of the parameters R
AR and n(R ). Figure S presents the results of such a test
for a sample (10a.b. Table D implanted to a fuence of
1SS <10 7em atan energy of 117 MeV The valuesin
Table I for the fitted parameters show excellent agreementin
JR,. MRy and R, after correcting for the 207 angle of
mcrdence by means of Eq (4). Notein Fig S the phase shuft
betweeen R and T that arises from the 20" angle of incidence
of the reflechion attachment

Asa further check on the optical-range measurement
method, g sample was subgected to Rutherford backscatter
g (RBSYanalysis using 2 4-MeVr particles seattered at an
angle of 1657 Figure 6 shows the bickscattered energy spec
trum obtined from this sample which was implanted at 14
MeVioa luence of 6 - 10 ons e (sample o, Table D
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The detected particles have been scattered from the silicon
The presence of implanted nitrogen i revealed by a de-
creased signal, and aninverted mitrogen profile s directly
cvident in the data Sufficient mitrogen has been introduced
so that measurements extracted from these data must be cor-
rected tor the added energy fosses in the backscattered beam
duce to the mirogen The corrected value gnes R, 1.72um
anddR . 0 10uman good agreement with the - method
Sumilar RBS spectra on samples annealed at 1000°C for | h
mvacuum idicate that no redistribution of mitrogen occurs
Thee agrees with the i-r data for sample 8 which show that,
withinerrors, R and 7(R Ydo not change upon annealing

V. RESULTS AND DISCUSSION

In Fig. 7 we present the 1-r transmission data for six
samples implanted with mitrogen 1ons at 700°C o different
fluences and encrgies. The pomnts represent data and the
smooth curves are the result of fitting the data to the model
deseribed in Sec. IV The least-squares adjusted curvesarein
excellent agreement with the data. Note that the spacing of
the Itinge maxima and mumma decreases as the implanted-
100 energy mcreases, as one would expect as the depth of the
reflecting layer increases. Also, the peak-to-valley amphitude
of the tringes grow i a regular fashion as the 1on fluence
mereases, idicating that the refractive index of the bunied
layer is reduced more and more below that of stheon

Table T summarizes the results of all the computer fits
mcluding the fitsto the erspectram Figs 3.5 and 7 Fortwo
of the samples, the normahzation of the data was unavailable
and an additional normahzation parameter £ had to be in-
cluded in the fits The parameter was a constant muttiplying
the calculated R and its value wsindicated in Table I For the
sample implanted at 0.8 MeV, AR and n(R)) were fixed,
and only R was vaned since a portion of the surface had
spalled off. The model would not be expected to apply in this
case, except as regards R Expenmmentally, we observe that

spallation will occur when the focal atomie concentration of

nitrogen exceeds about 60 at ¢, which corresponds to about
the concentration of mitrogen in crystalline $1. N
Returning to Table 1. note that R decreases as the
fluence increases for the implant energies 0.67.1 4. and 3 17
MeV. This trend, appearing as 1t does in all cases where
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FIG 7 Infrared transmussion spectra of mitrogen implanted silicon. The
smoath curves are the result of fitting the data to a8 model described in the
teat.

fluence dependent data were taken, is suggestive of the re-
moval of surface atoms by sputtering. The fluence depen-
dence of implanted depth is the net result of three processes;
(i), the removal of surface atoms by sputtering, (ii), the lat-
tice expansion caused by the addition of the implanted nitro-
gen, and (i) progressively reduced penetration of the nitro-
gen duce to the formation of the silicon nitride which has a
somewhat higher stopping power than silicon. Calculations
using a simplified model indicate that the third process
(which reduces measured depth) is a smaller effect than the
second process (which increases it). Thus, if the differences
due to the fluence are taken at face value, sputtering is the
predominant effect.

The area of each Gaussian determined from the param-
eters AR, and n(R ) in Table 1 is plotted in Fig. 8 versus
fluence. The area is proportional to the change in optical
path through the buried layer from that of crystalline silicon.
Different energy implants are noted by different symbols.
The data points are well represented by a straight line indi-
cating that the magnitude of the change in optical-path
length is directly proportional to the nitrogen fluence. It is
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also interesting to note that the peak refractive indeses for
the highest fluences (samples 7.8, and 10) correspond closely
to the refractive index of crystalline St, N, which s 2.0+
The data in Table 1 provide precision measurements of
R, and 4R, the first and second moments of the range
distribution of implanted nitrogen in silicon. Figures 9 and
10 show a comparison of these data with the tabulations of
Johnson and Gibbons (JG).™* Northeliff and Schilling
(NS).’* and Gibbons, Johnson, and Mylroie (GIM) " The
experimental range values in Fig. 9 fall well below all the
table values. Thisis to be expected in the light of Z, (projec-
tile) oscillations in the electronic stopping power.”* The elec-
tronic stopping power for nitrogen in silicon is near 3 maxt-
mum in the Z, oscillations, thus reducing the nitrogen

‘ — . .
! T w020ty ]
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< ns
3 1
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2k GUM —=, JGK:0 26) 1
o IR
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- -+
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FIG 9 Expenmental projected range measurements for nitrogen 1on im
planted into sihcon as a function of energy compared to tabulated range
values from Gibbons, Johnson, and Mylrose (GIM). Johnson and Githbhons,
G K - 02)), Northchff and Schithing (NS), and adjusted Johnwon and
Gibbons, [JG (K - 026)] The 1-r and RBS ponts are from this work, the
2.y point1s from the data of [ and er /. and the AFCRL puints are from
the data Roosild et o/
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range. The large discrepancy between the range tables and
experimental ranges for low Z ions in silicon has been noted
by others.*™ Also mcluded in Fig 9 are range measuraments
by Roosild er al. (AFCRL) utilizing a staining technique," a
range measurement performed by Land er ol (NSWC) by
means of the (p,)) resonance profiling technique,” and the
RBS measurement mentioned previously. The latter two
values agree well with the i-r range measurements and the
other four vulues agree within the specified measurement
errors.

The curve tabeled IG (K = 0.20} is the predicted pro-
jected range from the JG tables which uses the LSS estimate
of the electronic stopping parameter K in the expression

de/dp = Ke'* 5
where € and p are the LSS reduced energy and range varia-
bles, respectively.” The K was arbitrarily adjusted by mak-
ing a one parameter fit of LSS theory to the i-r projected
range data.” The curve labelled JG (K = 0.26) is the calcu-
lated projected range for this adjusted K value and agrees
well with the i-r data.

Figure 10 presents the i-r measurements of 4R, along
with the tabulated values from GJM and JG. The LSS the-
ory, with the electronic stopping parameter adjusted
(JG.K = 0.26), is 40% higher than the i-r data indicate. This
difference implies that the atomic collision cross section for
the nitrogen in silicon system has been overestimated by the
Thomas-Fermi atomic model used in LSS theory to compute
the slowing down contribution from nuclear stopping. This
is consistent with measurements by Grob et al. which show
that LSS theory overestimates the nuclear stopping contri-
bution for nitrogen in silicon by as much as 50% for nitrogen
energies below 1 MeV . The point labelled NSWC (p.y) is
from Land et al.”* The RBS data point (corrected for strag-
gling of the a particle beam) is in agreement with the i-r data.

The large changes abserved in the implanted layer re-
fractive index appear to be associated with changes in densi-
ty and polarizability. A simple model to predict the param-
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eter n(R ) may be constructed by assunung the buried layer
is a mixture of S1,(S1, N, ). Then the Lorentz-Lorentz
equation,”

=222 (6)

may be used to compute n(R, ), where p is the density, M s
the effective molecular weight, a is the polarizability of the
mixture, A 1s Avogadro’s number, and €, 1s the dielectric
constant of space. For the density at R, we assume a linear
increase between g = 2.3 g/em ‘for Sitop = 3.1 g/cm *for
S1, N, for nitrogen concentrations between 0 and 609, re-
-~.ctively. The nitrogen concentration at R is computed
from the measured AR and fluence, or from RBS measure-
ments, where applicable. The polarizabilities are taken as
1.3.10 “em peratom for Si,N, and 3.7~ 10 ¢

cm  ‘for St. The polarizability of the mixture is taken as the
sum of these two polarizabilities weighted by the value
and y. The results of these calculations are presented in Tabu.
1. There 1s good agrement with experiment throughout the
range of energies and fluences investigated.

In Sec 1V, features in the interference fringes were dis-
cussed in terms of independence of the fitting parameters
R,,,. AR, and n(R)). These three parameters characterize
the data well in the wavelength region between 2.5 and 5.0
4m (4000-2000 ¢cm ). In this region the wavelength of the
light within silicon ranges between about 0.7-1.5 gm. These
wavelengths are somewhat greater than the dimensions of
the buried nitrogen layer (e.g.. =2~ JdR, = 0.2 um)so that
the interference effects are sensitive chiefly to the maximum
index change and the optical path through the layer rather
than to the detailed profile of the buried layer. This must be
the case since for the data in Figs. 3,5, and 7 there is little
room for improvement in the quality of the fits and addition-
al model parameters would not be meaningful. (Some sensi-
tivity to the refractive-index gradient in the implanted region
is maintained at these wavelengths since the simple 3-layer
model discussed in Sec. [1 did not reproduce the data.) Thus,
in an empirical sense, the interference fringes in this frequen-
cy region are primarily sensitive to the first and second mo-
ments of the nitrogen range distribution. However, at small-
er wavelengths, it may be anticipated that the fringes will
become more sensitive to details in the shape of the concen-
tration profile, and thus additional parameters may be
needed ’ '

To test this possibility an i-r transmission spectrum was
measured for sample | in the wavelength region 1.25-4 um
and is shown as the data points in Fig. 11. Now the wave-
length of light inside silicon varies between 0.36 and 1.2 um
and at the smaller value is approaching the dimensions of the
width of the buried layer. The dashed line is a three-param-
eter fit (1b, Table 1) performed in identical fashion with the
previous fits but for data between the frequencies 2000-8000
cm ' Thesolid line is the result of adding one parameter to
the model wherein the Gaussian refractive-index profile 1s
allowed to have different standard deviations on either side
of the centroid (lc, Table 1). This fit results in a large im-
provement over the three-parameter fit. The nitrogen con-
centration profile obtained from the parameters of this fit is
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deswations on either wide of the centroid Shown in the insert s the mitrogen
conventration profile obtamed from the shewed Gaussian Bt

shown in the insert of Fig. 11 Note the pronounced asym-
metry of the profile toward the surface. Examuning the RBS
spectrum in Fig. 6 one can detect the asymmetry in this pro-
tile as well which supports the -r data result. As a self-con-
sistency cheek on the data analysis we obserye that the effec-
tive optical path of the asymmetrie profile (fit 1¢) s equal
within errors to the opaical path of the symmetric profile (tit
ta) Torliustrate this we note that the integrated areas under
cach profile are equal to within 8¢, and the medun of the
symmetrie profile of [ 106 m agrees well with the medrrn af
the asymetne profile of 1103 gm. Thevalue of R, in Table |
for sample 1o 1s the depth of maximum concentration where
the two half-Gaussians are joined and therefore 18 not the
tirst moment of the range distribution

The detection hinut of the 1-1 techmgue 1s estimated to
be about 0.7~ 10" Noem (=~ 6.4t nitrogen peak concen-
tratton) for samples with the rear surtace abraded. This limat
corresponds to a 2% peak-to-valley interference-fringe am-
phitude and a change n the refractive index of 4+ 0.06. The
mintmum detectable change in the refractive index s rela-
tvely independent of the refractive index of the substrate
The mintmum depth which can be profiled in S11s approv-
mately 015 gm which s equivaleut to 172 fringe appearing
between 2000 and 8000 wave numbers. The 1-1 refractive-
index profiling method should be apphcable to other in-
frared transmitting materials as well, provided the impurity
gives rise (o an absolute refractive-index change greater than
0.06

VI. SUMMARY

Interference frimges observed v imfrared transmission
and reflectance spectra of mtrogen implanted silicon sam-
ples for the frequencies between 2000 and RO cm ' are
caused by substantial refractis eandey changes in the burned
implanted laver Refractive-mdes profiles of the implanted
sui faces can be deternimed by computer fitting the interfer-
ence spectra to an approvaite aiodel based on aaltdayer

I App Prys vl 80 N 1T November 1879

thin-tlm interference equations

The shape of refractivesindex profiles obtamed m this
manner are identical to the shape of tho implanted mitrogen
profifes within the etrons of the measurements

Compater fits of @ thin-ilm interference model to ey
permiental mbrared spectza i the fregquency sange of 2000
000 cm ' vield precise measurements of the projected
range (- 190 erron) and stragehng (1067 errory of the im
planted mitrogen ons, and the method s nondestiuctive
Analyss of the infrared spectra over an expanded fregaencs
range (2000 ROOOcm  Yyieldsa measurement of the asym
metry of the range distrnibution as well

Measured projected ranges and stragghng 1 the im-
planted nitrogen ons in siheon between the energres of 0 07
and 3 17 MeV are substanually smaller than predictions of
LSS theory. Atomie shell effects account for most of this
discrepancy. but a modification of the atone collision cross
sectton s morder o bring theory and expeniment into good
agreement

The magnitude of the refractise-mdes change is conss
tent with a model that assumes the formation of sitheon ni
trrde in the implanted Laver i an amount directly propor-
tonal to the local nitrogen concentration
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\ High-fiuence implantations of silicon: Layer thickness and
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Refractive-index measurements are given for amorphous Si produced by ion
implantation. Reflection interference measurements in the frequency range 250Sv S
7600 ¢cm ' were made for several Si samples implanted with P-ion fluences between
1.0= 10" and 10 10" ions/cm" and ion energies between 0.20 and 2.7 MeV and for Si
implants of 1.0 < 10" and 3.0x 10" ions/cm’ and an ion energy of 0.30 MeV. The
interference measurements were computer analyzed by using a model in which the
damaged layer has a refractive index n, and extinction coefficient k,, and the substrate
has a refractive index n, and k = 0. The optical constants of the two regions are
smoothly connected by a transition region approximated by a half-Gaussian curve of
standard deviaiion o,. The finite-width transition region is necessary for fitting the
data. Excellent fits are obtained for literature values of n, and k, with the chi-square
being ~10"*. The value of k, has little effect on the analysis. Within the experimental
accuracy a single curve for n,(v) is obtained for the amorphous region where n,(v) is
independent of the ion type, ion energy, ion fluence, or position in the amorphous layer.
The thicknesses of the damaged Jayers deduced from the infrared data agree well with
LSS values for R, + o, and with channeling results. Visual observations of the
thicknesses also agree well for the high-energy implants but not for the lower-energy
ones.

PACS numbers: 61.80.Jh, 78.20.Dj, 61.70.Tm, 78.65.}d

it s ik

1. INTRODUCTION

When silicon is implanted with a sufficiently large
fAluence of 10ns.the implanted region becomes highly disor-
dered and has been characterized as amorphous.' * A variety
of techniques have been used to study the disorder and its
cffect on the physical properties of both implanted matenal
and grown amorphous layers. These techniques include x-
ray diffraction and electron microscopy,'* optical absorp-
tion.” " 1on channeling,” * Coates-Kikuchi lines,' physical ap-
pearance (color),* " electron paramagnetic resonance,” " and
infrared refractive indices. ' The present study consists pri-
maryny of the determination of changes in the refractive in-
dex of Si produced by high-fluence implantations, and it is,
in large part, an extension of some earlier investigations of
the effects of ion implantation on the aptical properties of
GaAs ' ' and GaP."' "

3204 J Appl Phys 50(5). May 1878
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A series of Si samples were implanted with either Si* or
P* ions to fluences ranging from 10" to 10" ions/cm’. Phos-
phorus ions were implanted at energies of 200 keV, 300 keV,
and 2.7 MeV; silicon ions were implanted at an energy of 300
keV. The reflection of infrared radiation from the implanted
surface was measured for the frequency range 250 -7600
cm ', The reflection spectrum consists of an interference
fringe pattern produced by the interference of light multiply
reflected between the front surface and the interface between
the disordered and crystalline matenals. The refractive in-
dex of the disordered material was determined from least-
squares computer fitting of the interference spectra. The fit-
ting program utilized the multilayer thin-film expressions of
Heavens," and 1t was found necessary to include a smooth
matching of the refractive index of the disordered lay~r to
that of crystalline substrate. The measured absorption of

rc; 1979 Amencan Institute ot Physics 3204
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TABLEL S y of impl di and “best-(t" paranieters.
Si Energy Fluence Temp R, ap v’ n,(v)
Sample Ton (keV) (10*em ) (K) (um) (um) (x107) ky 500 cm 4000 cm 7500 cm
78-6 " P 2700 1.74 200 2.52 0.041 083 K 382 387 400
252 0.053 1.05 0 382 3.87 400
78-7 P 2700 1.74 200 254 0.035 169 ko 380 184 3%
254 0.047 1.95 Q 381 385 197
75-1* | . 2700 6.4 ~ 30U - .
15-2 P 2700 64 ~ 300 2.54 0.036 243 0 in 376 LR 1)
75.3 P 2700 6.4 ~ 300
78-8 P 2700 100 200 261 0.032 228 ko 31 382 393
2.61 0.046 168 0 3n 382 398
163 P 300 1.0 ~ 300 0.507 0.037 0.69 0 379 184 198
764 P 300 1.0 ~ 300 0.506 0.035 0.6) 0 378 383 198
77-1 P 300 3o ~ 300 0.551 0.044 0.93 0 8 1386 40}
77-2 P 300 30 ~ 300 0.549 0.045 0.74 0 s 186 402
0.143 <001® 183 1% 162
76-1* Sr 300 1.0 ~ 300 0.531 0.052 082 0 381 186 407
76-2 Sic 300 1.0 ~300 0.569 0.040 1.05 o 180 134 108
173 Si- 300 30 ~ 300 0.611 0.038 0.81 ko 380 384 19
0.612 0.041 0.78 0 3180 184 3196
714 Si 300 30 ~ 300 0.624 0.030 057 0 17 180 19
715 P 200 10 ~ 300 0.407 <001" 1.54 ko 378 i 186
0.408 <0.01 141 0 37s 378 g6
776 P 200 10 ~ 300 0.407 <001" 103 0 17 379 186
765 None o 342 144 3150

“Double-layered sample

amorphous sputtered silicon was also included where signifi-
cant. Thus, the resuits of the fitting process include the
thickness of the disorder region and the width of the transi-
tion region as well as the frequency-dependent index of re-
fiaction of the disordered material.

The refractive index of the disordered layer is shown to
be insensitive to the implantation parameters for the fluence
range investigated. In a number of cases the layer thick-
nesses are compared to those obtained from channeling mea-
surements, changes in physical appearance, and projected
range calculations.

Il. EXPERIMENTAL PROCEDURES

A series of samples were cut from four (111)-oriented
wafers of high-resistivity (p > 10’ 12 cm) single-crystal sili-
con. The wafers were adjacent slices from the same ingot.
The samples used in this study were implanted at three dif-
ferent laboratories so that i-nplant conditions were not ex-
actly the same for all samples. In each case, however, the
samples were implanted at an angle of approximately 8° from
the surface normal to minimize range straggling due to ion
channeling.

The low-energy (200 -300 keV) Si* and P* implanta-
tions (samples 76-1-76-4 and 77-1-77-6 of Table 1)'* were
done with the sampies heat sunk to a room-temperature
mount. The ion beam was raster scanned in both the hori-
zontal and vertical directions to ensure lateral uniformity of
the ion fluence.

The initial high-energy implants P* and 2.7 MeV) uti-
lized a defocused ion beam and heat sinking to a water-
cooled mount. The interference pattern observed from two

3205 J Appl. Phys , Vol. 50. No. 5. May 1879

"See text for discussion

(75-1 and 75-3) of the three Si samples had structure 1n the
fringe amplitude indicating that the implanted material was
optically a double layer. This was confirmed by ton-channel-
ing measurements of one of the samples which showed that
there was a thin lightly damaged crystalline layer on the
surface followed by a heavily disordered region." The GaAs
and GaP samples implanted under the same conditions were
also found to have double layers in the implanted regions.

Subsequent attempts to produce single-layer high-ener-
gy implants in Si demonstrated that close temperature con-
trol of the samples was essential. Inadequate thermal contact
or a high beam flux resulted in a crystalline cover layer and a
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buried disurdered layer. These double-layer samples were
easily identified with ir reflection measurements [see Fig.
2{¢)]- The other samples used in this study (78-6-78-8) were
implan:ed witn the samples secured to a mount maintained
at 200 °K by means of a thin laye: of high-vacuum grease to
provide thermal contact. The ior beam was raster scanned
and the incident flux was limited to 0.6 4 A/cm’.

The implant conditions from each sample are specified
n Table 1. In most cases the implantations were done with
parred samples to provide a backup sample and to permit
reproducibility comparisons. In all cases except two, which
will be discussed, the results from similarly implanted sam-
ples were essentially identical.

The infrared reflection measurements were made at
room temperature by using a dry-nitrogen purged single-
beam spectrometer in which the energy reflected from the
sample was compared to that reflected from a high-quality
front-surface Al mirror. To obtain the absolute reflection R
froin the sample, the reflection from the mirror was taken to
be that of an aged high-vacuum-evaporated Al film."” The
reflection was measured with the beam at near normal inci-
dent to the implanted surface. The opposite surface of the
sample was coarse lapped to eliminate multiple reflections
between the front and rear surfaces.

3296 J Appl. Phys , Vol 50, No 5. May 1979

The dashed-dut curves are for the reflectivity
whenn  n,, (see tent for defimtions)

x
L

The thickness of the disordered layer(s) of several sam-
ples was measured by means of the channeling-effect tech-
nique by using the facilities and methads of the group at the
California Institute of Technology.* * To obtain a measure-
ment of the thickness of the layer having a different visual
appearance, a region near one edge of the implanted surface
was beveled at an angle of 20 mrad (50 : 1) by using a chemi-
cal polish to expose the implant-substrate interface. A mi-
croscope was used to determine the width of the “white™
layer and the bevel angle was measured with an
interferometer.

i1i. DISCUSSION

Before presenting the experimental results, 1t will be
helpful to discuss some features of the results and of the
model which has been developed Lo analyze the data.

[t is well known that the displacement damage pro-
duced during ion implantation is concentrated near the end
of the range of the ions. The spatial variation of damage
increases as the energy of the ion is increased; this is illustrat-
ed in Fig. 1 in which we present calculations of the damage
profile produced by 300-keV and 2.7-MeV P*ions in Si.** For
the Auences utilized in this study (> 10'* 10ns/cm’) the ex-
periments indicate that there is a disordered region having
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unform dielectric properties extending from the surface to a
depth corresponding approximatefy to R, + o, 7 This in-
dicates that the disorder has saturated. Previous stud. s indi-

cate that the “amorphous region™ starts in the region of

greatest damage and propagates in both directions.! For the
fluences studied here the saturation region has reached the
surface. Confirmation of the damage saturation was pro-
vided by the particle-channehing measurements which
showed that the particles backscattering from the damaged
regron with the maident beam aligned along the original
DS axas was the same as that from i candomly ariented St
crystal. The data presented in the neat See. 1V show that the
depth of the heavily disordered regionincereases with fluence
as expected

Shownin Fig. 2 are three interference spectra—the first
[Fig. 2(a)] is from 300-keV P ions. the second [Fig. 2(b)] is
from 2.7-MeV P 1ons, and the third [Fig. 2(¢)] is also from
2.7-MeV P ions. The third illustrates the “structure™ that
can occur when there is an optical double layer in the disor-
dered region. The lower dashed lines in Figs. 2(a) and 2(b)
ndicate the reflection that would be measured from an un-
damaged Si-air interface caleulated from the equation

R (n l) )
1

n o«

with s n L the vades of refracnon of erystalline $1 77 The
central dashed-dot hines indseate the refiection that would be
obtamned from Eq (1) for a disordered Se-ase interface wath
no oy, the satae for the damaged Laver. I the damaged
fayer v nonabsorbing, the dielectrie properties of the disor-
dered layerare umtorm, the change i the index of refraction
(om0 s much dess than #,, and the interface between
the damaged regron and the covstalline substrate is sharp
compared to the shortest wanvelength used, then the interter-
ence spectra consist of fringes that oscillate about the reflec-
ton due 1o 1, with a mmimum reflection equal to that from
n, . The amphtudes of the fringes in Figs. 2(a) and 2(b) are
consistent with this sample model at low frequencies, but the
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amphitudes of the high-frequency fringes are reduced i both
Cases.

Two mechanisms that could be responsible for the de-
crease in amplitude of the high-frequency fringes are as fol-
lows: (1) absorption which increases with frequency and (1) a
transition region between the damaged layer and the sub-
strate m which the index of refraction vartes smoothly .

Comparison of Figs. 2(a) and 2(b) shows that the de-
crease in fringe amplitude is essentially the same for 300-keV
and 2.7-MeV implants. The thickness of the damaged layer
for the 2.7-MeV implant is ~ 5.5 times that for the 3100-keV
implant, so that an extinction coefficient & (+) that fits the
2.7-MeV data would predict very little decrease in amplitude
for a 300-keV implant. The extinction coefficient & has been
measured for amorphous sputtered Si by Brodsky eral.,”
and the measured & (v) predicts a much smaller decrease in
amplitude of the high-frequency fringes than is observed
even for the 2.7-MeV implanted sample. Thisisiflustratedin
Fig. 3 in which the measured reflections for 300-keV an 2.7-
MceV implants are compared with predictions for a sharp
interface with k = 0 and with k equal to Brodsky's expen-
mental values

This result s consistent with the earher analyses of the
GaAs and GaPanterference spectra since the decrease in
amphtude of the frimges i these carhier studies could not be
titted w hen measured values of A were used tor these matert-
als " In these carlier analyses, which assumed sharp diclee-
tric dicontmutties, the amphtude of the fringes was titted by
varying the effective value of the index of refraction of the
substrate at the intertace. The values for the effective refrac-
tive mdex obtamed i this way were intermediate between
the Iitecature values tor 7, and the mdex of refraction of the
damaged layers

If there s a transition regron in which the index of re-
fraction changes smoothly with depth. the smplitude of the
reflected wave decreases as the wavelength approaches the
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dimensions of the transition region. Fhe decrease in amphi-
tude does not depend upon the depth o the implant but only
upon the width of the transition region. Ta describe the dis-
ordered layer and the transition region, a computer code was
written which calculates the reflecuon R at normal inct-
dence from the thin-flim interference equations of Heav-
ens.t This code computes R tor an arbitrary number of lay-
ers huving indices of refraction 7, extinetion coeflicients &,
and layer thicknesses 32 Except where double lavers were
indhicated by amphitude modulation of the interterence pat-
tern, the disordered region was taken as one uniform layer of
index rry, and thickness 2. Because the back surfaces of the
samples were coarse lapped. the substrate was taken to be an
infinitely thick layer of index 71, The transition region was
approximated by N layers of equal thickness 3z with #, given
by o half-Gaussian distribution of the form

20/ 201, )

n,oongv{ng,

nyexpl
wherez, 2+ (j - DAzand o, is the standard deviation.
The extinction coefficient & is zero in the substrate and was
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assumed to have the same spatial dependence as ny,, with

k = kpexpl (2, 2/ 20,1 )

7
Figure 41 a schematic representation of the model. The
depth of the disordered region R, was taken as the half-
maxtmum position on the Gausstan, or Ry, 2« L1770,
The total width of the transition reglon was set equal to o,

In snitial testing of the program it was found that the
results converged for ¥ < 200 Al of the fits presented i this
paper are for N 40 layers in the transition region. The
effect of the transitton width on the amphitude of the high-
frequency frimges ss Mustrated in Fig. Sfork - 0,

n,  390,n Y45 R, 2Sumoando, 0025005,
and 0.1 gm. Comparison with the data presented in Fig. 2
indicates that a o), 3 0.05 zmas appropriate.

The data presented in Fig. 2 also indicate that the reflec-
tion R increases at hugh frequencies due 1o the increase in
n(v). Fhe indices of refraction for both the disordered and
substrate regions were represented by a Sellmeier equation of
the form

(4

where 4, B, and §2 are constants, and v 18 the frequency in
units of cm ©. The constants for the substrite were deter-
mined by a nonhinear least-squares fit of Eq. (4) to the values
of n(v) for crystalline sthicon measured by Saltzberg and Vil-
la” with theresult that 4, 41476, B - 58876+ 10'em -
and £2. 27973 em !

Assuming n, to be given by Eq. (4) and the above con-
stants, K, O atall measured frequencies, and A, deter-
mined by absorption measurements, then the model incor-
porates five adjustable parameters: R, the depth of the
disordered layer; a,,, the “width™ of the transition region;
Ap. By and 2, which characterize the refractive index of
the disordered region. The expenimental reflection data were
fitted with the model by using a nonhinear least-squares com-
puter code which adjusted the values of selected parameters
to mimimize the reduced chi-square fit,

“~ N =N,

v = i (R, messured = Ricaicuimed)’

FIG S Calculated curves for the model in
Fig 3where n ViS. m, V90, and

iy 0M5 0080 and 0 100 um The influ
ence of the transtion tegion width
demons irated

i L
OO0 i
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FI1G 6 Data for sample 78-6 with the sol-
id curve being the best calculated fit- see
parameter values in Table I The dashed
and dotted curves are foro,, - A, 0

32 ando, - 0.k, - A(measured. from Ref
7)., respectively
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where N is the number of data points and ¥, is the number of
parameters varied. The number of data points used in each
analysis was ~ 100. In the fitting of the data it was found the
quantities 4, B,,, and {2, could be simultaneously varied
over a considerable range while maintaining a good fit to the
data; however, the values of n,(v), R, and o, were well
defined. Consequently, the results are given in terms of
n,(v). R, and o,

IV. EXPERIMENTAL RESULTS AND ANALYSES
A summary of implant conditions is presented in Table

1. Samples 75-1-75-3 were implanted with a defocused ion

beam; all others were raster scanned. Samples 78-6-78-8

were implanted at 200 °K; all others were implanted at room

temperature. The fluences ranged from 1.0% 10'* to

10.0 % 10" ions/cm?.

In all of the analyses which follow where &, of the
amorphous region was not set equal to zero, we have used the
measurements of Brodsky er al. for the k for amorphous
sputtered Si.”* These measurements can be simply repre-
sented by the expression k, = ¢v* withe = 5939 10"
cm*. We have also measured the extinction coefficient for
two Si samples implanted with 2.7-MeV P* ions and obtained
values of k,, approximately 20% less than that obtained by
Brodsky er al. for sputtered Si. This difference is not consid-
ered to be significant and has essentially no effect on the
calculations.

In Fig. 6 the experimental results for sample 78-6 im-
planted with 2.7-MeV P* are compared with the best-fit cal-
culation (solid curve) which utilized the measured values of
the extinction coefficient &,,. The width of the transition
regionis g, 0.041 gm. If &, is set equal to zero, the best-
fit cakeulation is indistinguishable from the sohd curve al-

A0
8-
B Y
ERK!
u
a st
b8l d
1 1 ] ) 1
0 1000 2000 3000 4000 5000
viem"
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though the reduced y ° fit increases slightly from 0.83 « 10°
10 1.05 % 10 * and the width of the transition region increases
too, = 0.053 um. Also shown for comparison 1s the dashed
curve for a sharp transition (o, = 0) and for no absarption
(k;, = 0). The dotted curve presents the results of a calcula-
tion for a sharp transition (o, = 0) and k,, given by the
measurements of Brodsky er al. 1t is clear that the measured
decrease in the amplitude of the high-frequency fringes 1s
greater than that which can be attributed to absorption and
that it is necessary to include a transition region.

Referring back to Figs. 2(a) and 2(b). the dashed line is
the predicted reflectivity R for a nonimplanted Si sample
calculated from the values of n, measured by Saltzberg and
Villa.?? Measurements of nonimplanted samples were fre-
quently repeated to serve as a check of the reproducibility of
our measurements. These tests agreed well with the comput-
ed R and indicated that R could be determined with an accu-
racy of + 0.005, which corresponds to an accuracy of n of

+ 0.05.

The measured reflection R for sample 77-1 implanted
with 3J00-keV P’ ions 1s compared with the best-fit calcula-
tion (solid curve) in Fig. 7. The measured &, was included
and g, = 0.044 um was obtained. When A, was set equal to
zero, a best fit was obtained for essentially identical param-
eters. The reason for this result is made clear by the compari-
son of the dashed and dotted curves m Fig: 7. The dashed
curve is foro,, - Oand &k, O the dotted curve s for
o, = 0and k,, = k. the measured value We see that the
absorption has almost no effect in reducing the fninge amph-
tude at high frequencies. This resultis expected because the
thickness of the 300-keV implants v ~ S § times less than
that of the 2.7-MeV implanis, and evenin the thicker layer,

FEG T Data for scample 77 1 with the ol
d vurve being the best caloulated it see
parameter salues in Tabie 1 The dashed
and dotied curves are fot o L, o
Ok, k tmeasured. from Ret

T respectinely

and o,

6000
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the measured values of & ;, do not account for the decrease in
the high-frequency fringe amplitude.

Referring to Table [, we observe that the values of o,
obtained tor A, £ 0 are less than those obtained tor kp o O
Except for three entries for which o, s indicated as being
less than 0.01 g2m, we see that the width of the transition is
independent of ion species (P or 8t), energy. and Auence.
The mean value of o), Q035 4+ 0.009.

There are three entries in Table 1 where a sharp transi-
tion (o, = 0) between regions in the implanted sample iy
ndicated. Sample 76-1 15 double-layered in the implanted
region. The measured reflection spectrum clearly shows the
heating patterns in the interference pattern produced by
multilayered samples. 1 east-squares fitting of the experi-
mental results indicates that there is a lightly damaged sur-
face layer of thickness 0.143 rm and a heavily damaged
buried layer of thichness 0388 ;im. The width of the transi-
tion region between the lightly damaged Laver and the heas -
ily damaged layer is essentially zero (o, « 0.01 um), the
width of the transition region between the heavily damaged
region and the substrate crystaliine matersal s typcally
a, 0082 um

Samples 77-5and 77-6, the two 200-keV P implants, do
not indicate double layers, but the interfaces between the
damaged regions and the substrate are also sharp
(o < 0.01). These two samples were implanted simulta-
neously at room temperature, and we believe that the sharp
interface is the result of some heating and partial anncaling
during the implant. This conclusion is based on the results of
annealing studies which we are preparing for publication.
These studies indicate that the first change observed in an-
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nealing at 500 °C is an increase in the amplitude of the high-
frequency fringes due to a reduction in the width ¢, of the
transition region between the damaged and undamaged Si.
(Annealing effects at lower temperatures have not been in-
vestigated.) In addition, we note that the indices of refrac-
tion for the 0. 143 m-thick surface layer of sample 76-1 are
closer to those of crystalline Si than to those of heavily da-
maged Si. The n;, values for the 200-keV samples (77-5 and
77-6) are both on the low side but they are not outside the
expected range of n;, values due to uncertamnties in R

In Fig. 8 we present the indices of refraction for crystal-
line 8i.° the indices for sputtered amorphous Si films.” and
the indices for highly damaged Si obtamed from fitting the
reflection measurements from the indicated samples The
curves chosen for display were those representing the ex-
treme changes in the indices of refraction and include data
from P* implants at 200, 300, and 2700 keV and Si" implants
at 00 keV. In companng the present results with the indices
of sputtered St it is impaortant to note that the accuracy as-
cribed to these latter measurements is ~ 107%, so that these
measurements agree within the quoted errors with the pre-
sent measurements.

1o Table I the indices of refraction tor cach calculation
aregnenaty SO04000, and 7S00cm Perusal of Table |
and Fe X indicates that there are no discermble trends i
vanation of the mdices of refraction wath ion species, enerpy,
or fluctce, istead. the vanations wn,, appeat 1o be those
assacited with the experimental accuracy of the reflection
measurements

Assumung that the varationsin the caleulated salues of
1y, are due to the uncertwmmties i the measurement of R, we

Hubler of &/ 3300

121

b/ NS

e D A o e Ll i

PO




TABLE I Indices of setrachion for heanily damaged sificon MICTOsCOpIe Meisurement of the width of the white layer
along a beveled surface
tlem ) H,orOny, .
First, we note that o, and o are unrelated o, deter-

S0 ARG mines the width of the region i which there is a transiion
1000 L0 0019 . . o o o .
1500 VRO L 1020 !m.m heavily damaged lo. lightly damaged nr\gr'\smlhm ma
2000 TROK + 0020 terial. o, v a measure of range stragghng of the incident
80 1R14 . 0020 ions. ,, appears to be unrelated to 10m species, energy. or
3000 VR 0021 fluence for the Aluence range studied (1 - 1010 10 « 107
S0 IR0 0022 ‘m ). The ¢ tancy of o ) fication of the saturatio
o0 VReL s 0022 em ). The canstancy of o, 1 an indication of the saturation
4500 TASE . 0023 of the amount of disorder within the damaged region

S000 TEAY L 0024 .

S50 1886 + 0028 The width of the transition Tegon wis alse ducﬂrmlmd
000 1905+ 0027 by He channehng measurements for samples 77-1,77-3, and
6500 1926 4 00X 77-4, which were 300-ke Vamplants of P~ and St'. The width
7000 3952, 0042 for all three samples was @, 0.025 + 0010 zm, which s
7500 OO+ 0008 in easonable agreement with the mfrared average s alue
ROU0 1013 ¢ 003K in reasonable agreement with the infrared average value

have determined the index of refraction of highly damaged
(amorphous) Si by taking the average of all our measure-
ments at a given frequency. The results of this averaging are
presented in Table 11, and the quoted error s the standard
deviation. These data can be represented by Eq. (4) with the
parameters 4, — 703, B, = 2.64 ~ 10" cm ", and

12, - 18860 cm ‘.

In Table I we present a comparison of the various
measurements of the thicknesses of the damaged region. R,
and o, are the projected range and stragghng, respectively,
calculated from LSS theory for Si; R, and o, are the depth
and transition width, respectively, of the damaged region
presented in Table 1. The thickness of the damaged region
was determined by He channeling measurements for four

g, - 0.035 + 0.009 um

Although o, does not change with 1on fluence. R,
does. For 2.7-MeV P ions, R, increases from 2.53 m for
1.7 « H¥" wons/em’ 1o 2.61 gm for 10 - 10" jons/em'; for
300-keV P ons the depthincreases from 0.8 to 0 58 gm as
the fluence increases from 1+ 107 10 3 - 107 wons/em’. The
same effect is noted for 300-keV Si71ons These results agan
suggest that there is saturation i the amount of disorder
produced when g well-detined amount of displacement dam-
age is produced. These results are 1 accord with the mea-
surements of Crowder and Fitle for scomew hat smaller
fluences at 280 keV

Comparnon of R,, to LSS projected range caleulations
wdicates that, for the fluence range studied, R, =R, « o
This correlation s shown in Fig. 9. For the few cases mea-
sured there 1s good agreement between the disorder depths
determined by channeling measurements and R, or

a

samples. The depth of the visual interface was determined by R, + o, There is abo agreement with the visual depth of

TABLE 1I1 Companson of measurements of depth of damage

fon Ton He channeling Visual*
S energy fluence R, a, R, a,. (um) layer
Sample lon (keV) (10" cem?) (um) (um) (um) (um) R o @m)
18-6 P 2700 1.74 252 0.041 250 020 259
78-7 P 2700 174 254 0.035 2.50 0.20 - -
751" P 2700 6.4 - 250 0.20 09 .
32
75-2 P 2700 6.4 254 0.036 250 020 - E
75-3° P 2700 6.4 250 0.20 - - :
78-8 P 2700 10.0 2.61 0032 250 020 261
76-3 P 300 10 0.507 003 0.8 010 .
To-4 P 300 1.0 0 506 0.038 038 010 - . (0 4
7741 P 300 30 0551 0.044 038 010 054 0028 (0 36)
712 P 300 o0 0.549 0048 0.38 010 . [{¢R V)]
761" Si 300 1.0 0143 <001 041 0.10 .
0531 0052
76-2 Si 300 10 0.569 0.040 041 01 i -
773 Sy 300 o0 0611 0038 041 010 060 00s (02%
774 Si oo 10 0624 0030 041 110 087 0028 (0 19)
775 P 200 1.0 0407 <001 028 008 - - {0 21) s
716 L d 200 10 0.407 <001 028 008

“Believed to be due 10 partial anncaling during implant
See text for discussion

*See text for discussion of values in parentheses
"Double-layered sample
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the interface for the high-eneray implants. However, the
comparison breaks down for the low-energy implants where
the visual depths are considerably smaller than R,

R, + o, or the depths from channeling. There is no evi-
dence in either the infrared or channeling measurements for
an interface at the positions indicated by the visual
measurements.

In previous work, Crowder and Title' obtained good
agreement between infrared and visual depths for 280-keV
P’ ions implanted in Si In this previous work the visual ob-
servation of the interface was accomplished by anodic oxida-
tion and HF stripping of adjacent implanted and unimplant-
ed areas. Their infrared depths are in agreement with our
lower-energy results, and their visual depths are slightly less
than the infrared depths. Thus, the difficulty appears to lie in
the technique used here in producing the bevel. This beveling
technique is frequently used in the semiconductor industry
and apparently was not reliable for the low-energy high-dose
implants in Si.

V. DISCUSSION AND CONCLUSIONS

The model given in Sec. 111 gives good representation of
the experimental results presented n Sec. 1V with physically
reasonable values of the parameters. The results indicate

2
DEPTH (um)

HIG 10 The calculated reflection curves
for two assamed tefracove indey profijes
The profile (b s sinuiliat to the encrgy de
position curve far the 2 7-MeV Praons of
Fig 1 The dashed curves ase tor the re
fecnaty when oo atall depths

T
o000 Too0
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that n1,,(v) shows httle, if any, dependence upon 1on spectes
(P or Si*), ion energy, wn fluctice, or sample temperature
during the implant (approximately 2w °K and room tem-
perature). In almost all cases it was necessary to nclude a
transition region from n,, to n, . and the o, of the half-
Gaussian used to characterize the transition reglon averaged
0.035 gm. The few exceptions have been discussed. The

1, () curves for all samples measured lie within a range
which was previously indicated as that attributable to the
nonreproducibility in R. The data of Table 11 represent the
best estimate of n,, (+) trom ail of the measurements made
here. The result s in reasonable accord with previous and
generally less rigorous estimates of n,

One might question the validity of the assumption in
our model that #,, s constant in depth within the heavily
disordered region as shownan Fig. 4. 1t may be recalled that
the model leads to a reflection spectrum i which interter-
ence mmmima R, are at R values given by

n |1
L)
n ot

as long as 4w » 5 an attenuated fiinge amphtude
when A,.qum 18 the same order of magmitude as o, and a
mean reflection R, given by

R, (0" .

npt 1

where 4 is the wavelength. Innocaseis R | lessthan R, or
R,.... uncqualto R, when n,, isuniformin depth. Allof the
experimental data presented in Figs. 2, 3, 6, and 7 and for the
remaining samples of Tables I and 111 fit these conditions. 1If
one removes the restniction of the spatial uniformity of n,,
then the calculations predict an R, which can lie befow
R, . Two examples are given in Fig. 10 for the hypothetical
nt,, profiles tndicated. In both cases the fringes have R |
values at low frequency which are substantially less than R,
The R, 15 also shown as a dashed curve in Fig. 10. When
there are spatial changes 1n n,, that involve sharp transitions
from one value to another with changes in depth 2, then
structure or multilayer effects would be present in the inter-
ference pattern,'’ effects not observed in the data except in
the few special cases which probably involve anncaling as
already noted and discussed.
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Plasma region in high-fluence implants of phosphorus in
amorphized silicon
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Phosphorus ions were implanted into silicon previously made amorphous by implantation
with neon ions of projected range considerably greater than that of the P ions.
Comparison of the annealing behavior for this case with that for P -only implants
indicates that free-carrier plasma formation in the region of high phosphorus
concentration does not occur until the material has recrystallized.

PACS numbers: 78.20.Dj, 61.70.Tm, 81.40.Tv

In an earlier paper ' we reported the observation of
strong free-carrier plasma effects in the behavior of the in-
frared reflection of high-resistivity Si implanted with high
fluences of high-energy (2.7 MeV) P~ ions. The plasma was
detected after thermal annealing. After a 500 °C/20 h an-
neal, approximately 0.2 um of the amorphous region had
epitaxially recrystallized by regrowth ? of the amorphous-
crystalline (a-c) interface towards the original surface.
Spreading resistance profiling after annealing indicated the
formation of a low-resistivity region near the a-c interface
but mainly in the amorphous region. It was suggested that
this resistivity change results from short-range reordering
which could produce increases in the carnier density of a
heavily P-implanted region, and therefore indicates that a
plasma could exist within the heavily damaged or zmor-
phous region. Brodsky ef al * have reported that the index of
refraction of sputtered amorphous-Si films decreases during
thermai anneal without crystallization. The present authors
have observed the same effect * in ion-implanted Si.

This suggestion was supported by calculation of the in-
frared reflection spectrum ' which used a simple layer model
which included a plasma layer having the width and location
indicated by the spreading resistance measurements. How-
ever, fater calculations with a more refined model incorpo-
rating a Gaussian plasma region and smooth changes of the
refractive index at the a-c interface indicated that best fits
were obtained when the plasma was in crystalline materia)
near the a-c interface. These later results suggested that the
spreading resistance measurements could be in error because
of mechanical or electrical punching through a thin high-
resistivity layer on top of the conducting region.

In this communication we report the results of an ex-
peniment in which P* ions were implanted into a region pre-
viously amorphized to a much greater depth than the range
of the P’ ions 1o determine whether the plasma initiates in the
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annealed but still amorphous region or within an epitaxially
recrystallized region. It will be shown that the plasma effects
are not observed until the epitaxial recrystallization reaches
the region of high P concentration.

To facilitate comparison with previous results ' the
(111) oriented Si samples were cut from the same ingot of
high-resistivity single-crystal Si. The implantations were
done with the samples maintained at low temperature and
with the ion beam 8° from the surface normal. Several sam-
ples were implanted with 2.7-MeV P* ions only; *he others
were first implanted with 4-MeV Ne' ions and then with 2.7-
MeV P ions. The implantation conditions as well as some of
the results fur these samples are summarized in Table I. Note
that the measured depth of amorphous layer after the 4-MeV
Ne' implant was 3.7 um compared to 2.7 um for the 2.7-
MeV P implant (the projected range and standard devi-
ation® for 2.7-MeV P ionsare R, =25umand o, =02
pum),

Figures 1 and 2 compare the reflection spectra for
room-temperature and higher-temperature anneal condi-
tions of a sample (No.3) implanted with Ne + P with others
(Nos. 1 and 2) implanted with P only. The P* ion energies
were the same and the fluences similar in each case. The
layer thicknesses given in Table I were calculated from the
fringe spacing in the frequency interval 4000 < v < 7000 ¢m
with n = 3.9 as the average index of refraction of heavily
damaged St. This 2 value is obtained from the mean reflec-
tion * in the given frequency range. In the cases where the
recrystallization reached the front surface, the mean vafuc of
the reflection indicated that the refractive index of the an-
nealed material had reduced to ~ 3.5 which 1s close to the
average value of ~ 3.4 for crystalline Su.

Comparison of the room-temperature (as-implanted)
curves of Figs. | and 2 shows that the amorphous layer for
Ne + P implantation is thicker than for P-only impianta-
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TABLE 1. A summanzation of our results.

{mplanted Implant Damage *
Sample ons— Fluence temp Anneal layer Plasma
No. energy (MeV) Qons/cm’) ('K} temp CCY/time (h)  thickness(um) observed
1 P27 174X 10 200 Room temp 27 No
S00/10 28 indication
500/ 30 24 Yes
500/50 20 Yes
2 P27 174510 200 Room temp 7 No
600/0.5 19 Yes
600/10 [ Yes
3 P—27 20~ 10" 200 Room temp 37 No
Ne'—4.0 Lox1g” 77 500/10 36 No
S00/60 le6 No
500/6C + 600/1.5 29 No
500/60 + 600/2.5 18° No
500/60 + 600745 b Yes
500760 + 600/10 b Yes

*Calculated from the number of fringes between 4000 and 7000 em ' using
the average refractive index for amorphous $1.0f 3.9 1n this frequency
range

tion. Sample 1 (P only) clearly indicates the low-frequency
effects of the plasma beginning after annealing at 500 °C for
10 h. The low-frequency fringes grow in amplitude until ~ 30
h with only minor changes occurring for still longer anneal
times. Figure 1 shows a curve for sample 1 after a 500 °C/50
h anneal. Sample 2 (P only) has fully developed plasma
fringes after 0.5 h at 600 °C, and the recrystaliization is
equivalent to ~ 50 h anneal at 500 *C.

When sample No. 3 (Ne + P) is annealed at 500 °C,
there is a slight reduction in the amorphous layer thickness
after ~ 10 h with no further measurable changes occurring
after 60 h. There are small changes in the high-frequency
fringe amplitude which indicate some spatially dependent

U sawnce 1 o anmea

ot
i |
e [ SAMBPLE 1 Q0T Sent
N . CRAMPLE 0 A0 KONy
o |
PRSI .

i s ! i .
oo v Koo vy e o 21}

v MMATR
FIG 1 Reflection versus wave number at room temperature for sample |

before high-temperature ling and after ling a1 $00 °C for S0 h,
and for sample 2 after annealing at 600 °C for 10 h
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"Mean value of the reflection indicates that the regrowth has gone through
the entire layer
“Only approximate as obseryed beatlike pattern means more than one laser

annealing of the refractive index of the amorphous region,
but there is no indication of a plasma. After further anneal-
ing at 600 °C for 1.5 and 2.5 h, there was recrystallization
and regrowth at the a-c interface, but still no evidence of the
plasma effect. There was structure in the fringe spectra
which indicated that the refractive index varied with depth.
After an additional 2-h anneal at 600 °C (4.5 h tocal} the
plasma was fully developed and the amorphous layer was

- MV
- AW

e
FIG 2 Reflection versus wave number at room temperature for sample 1 at

four different annealing stages, room-temperature annealing, $00° C/60 h,
SON°C/60 h ¢ 600°C/1 S hand SO0°C/60h + 600°C/10N
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completely recrystallized. The final anneal curves for sam-
ples 2 and 3 of Figs. 1 and 2 are very similar, indicating that
the final dielectric state of the P- and Ne¢ + P-implanted
samples are essentially the same.

Similar measurements of another pair of P- only and
Ne + P- implanted samples in which the incident energies
were reduced ~ 20% gave very similar annealing results.
However, in this case meaningful layer thicknesses cannot be
given because the Ne + P- implanted sample did not recrys-
tallize uniformly across the surface. This sample recrystal-
lized in from the sample edges. Once initiated, this regrowth
proceeded at a greater rate than that from the underlying
crystalline material, which is consistent with measurements
which show that the {1 11} direction is the slowest regrowth
direction. ’

The experimental results shown in Figs. 1 and 2 and
summarized in Table I clearly demonstrate that the plasma
does not develop due to local reordering in the amorphous
region but rather that the plasma develops in the P-implant-
ed region only after recrystallization. The thicknesses of the
amorphous region for the Ne + P sample in Table I indicate
that the regrowth proceeds until the thickness of the amor-
phous layer slightly exceeds R, + o, for the P implants
without observation of the plasma even though the anneal
times greatly exceeded those required to produce the plasma
in the P- only implanted samples. In the case of samples
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implanted with P only, calculations to be published * have
shown that the initial development of the plasma involves
the tail of P ions which extend past the a-c interface into a
region where the material is less heavily damaged. When this
damage is annealed, carriers are produced and the plasma
effect is seen.

This research was sponsored in part by the Air Force
Office of Scientific Research, Air Force Systems Command,
USAF. The research of one of the authors (G.K.H.) was
sponsored in part by the Navy Material Command.
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Section IV.D
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HIGH-DOSE IMPLANTATION AND ION-BEAM-MIXING*

James W. Mayer, Silvanus S. Lau and Bor-Yeu Tsaur
California Institute of Technology

Pasadena, California

John M. Poate
Bell Laboratories

Murray Hill, New Jersey

James K. Hirvonen
Naval Research Laboratory

Washington, D. C.

Substitutional solid solutions and metastable phases in single—crystal
metals can be produced by jon bombardment either by ion implantation to high-
dose levels of one of the elements or by implantation of inert ions through
a thin film to induce atomic mixing between the film and the single-crystal
substrate. In this paper we compare these two methods of high-dose implan-~
tation and ion-beam-mixing to introduce Au and Pd into single-crystal Cu.

In direct implantation the maximum concentration of implanted ions is deter-
mined, by the sputtering effects whereas in ion-beam-mixing the concentra-
tion is determined by the film thickness and the amount o' interdiffusion
over the penetration depth cf the energetic ions.

With implantetion of 1 x 1017/cm2 Au or P4 ions at 150 keV into <110>
Cu high substitutional concentrations at about 6 atomic % were achieved.
With ion-beam-mixing of ~ 100 X Au or Pd films by 300 keV Xe ions at ion
doses § 1 x lOls/cm2, substitutional concentrations twice as high (= 12
atomic %) were achieved, With thicker films, higher concentrations of Au
and Pd were achieved with polycrystailine solid solutions formed at Au and

Pd concentrations above 30 atomic %.

#*This recearch was supported in part by the U.S. Army Research Office
(H. Wittmann) under the Joint Services Electronics Program (DAAG-29-T77-C-
0015).
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Introduction

Ion implantation is now used routinely to modify the properties of
materials. An ‘indication of the usage is given by the change in the name
of the Implantation Conference Series which started in 1970 as "Ion Implan-
tation in Semiconductors" and is now called “Ion Beam Modification of
Materials". In the field of modification of the near-surface region cf
metals, considerable atterntion has been directed toward the physical pro-
perties of the metal, such as improvements in friction and wear (1).
Another aspect is the study of metastable phases in metals produced by ion
implantation (2). Amorphous layers can be formed (3,4) as well as substi-

tutional solid solutions {5-T).

Relatively high doses of implanted ions, generally 21 x 1017/cm2,
are required to obtain concentrations of implanted species of about 10
atomic %. Aside from the long implantation time, the process is limited by
sputtering effects which establish the maximum concentration which can be
achieved by implantation (8). This sputtering limitation sets a strict
constraint on using direct implentation to produce high concentration

alloyed layers.

In order to achieve higher concentrations than those achievable by
direct implantation, one can deposit & thin film of the given species on
the substrate and then intermix the film and substrate by bombardment of
energetic ions which penetrate tnrough the film-substrate interface. With
metal films on silicon, it has been shown that dose levels around lOls/cm2
can produce silicide phases (9). At higher doses, but still an order of
magnitude below that used in direct implantation, a progressive intermixing

to redistribute the metal deeper intoc the samples occurs (10).

In this paper we comnhare these two methods, direct implantation and
ion-beam-mixing, for introducing Au and Pd into single-crystals ol Cu. In
a previous study (11) we compared the twe methods to form substitutional
Au-Cu and Ag-Cu solid solutions. The experimental concept and phase dia-

grams of the Au-Cu and Pd-Cu system are shown in Fig. 1.

Experimental Procedure

Single-crystal Cu, <110> oriented, samples were etch-polished at
Bell Laboratories. Backscattering and channeling analysis with 1.€ MeV hHe
ions were made at Bell Labs to evaluate the amount of residual disorder.
High-dose implantation of 150 keV Au and Pd ions to doses of up to 1 x lO17
ions per cm were carried out at the Naval Research Laboratory. Channeling

N
measurements with 1.5 MeV He ions were made at Bell Labs to determine the
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Fig, 1 ~ Schematic diagrams of the experiment
concept and the Au-Cu and Pd-Cu phase
diagrams.

implented ion concentration and substitutional fraction.

Thin metal films a few hundred angstroms thick we-e prepared at
Caltech by electron-gun evaporation of Au or Pd onto the <110> Cu substrates
in an oil-free vacuum system. Ion-beam-mixing was carried out‘at Caltech
by implanting 300 keV Xe ions to doses of 1 x 1015 to 1 x lOlb ions/cm2 at
beam current densities of about 1 uA/cm2. To minimize beam heating effects,
the samples were glued onto the sample holder using a thermally conductive
compound. Backscattering and channeling analyses were made at Caltech and

Rell Laboratories.

Experimental Results

High-Dose Implantation

A concentration of 6 at. % Pd was produced by implantation of 10t7

Il
Fd/em”. As indicated by the difference between the random and sligned
spectra of Fig. 2, more than 90% of the Pd was on substitutional sites. The
results obtained with Fd and Au (5) implantations are similar: high sub-

stitutional fraction at concentrations between 5 and 6 at. %.

Ion-Beam-Mixing - Concentrations = 10 at. %

The objJective of this set of experiments was to use ion-beam-mixing
to obtain Pd or Au concentrations near those found in direct implantation
so that a direct compariaon of the two technlques could be made. Film
thicknesses of about 100 A and ion doses up to lO /cm2 were used. The dats

in Fig. 3 for Pd on Cu indicates that a substitutional fraction of 72% can
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Fig. 2 - Random and <110> aligned spectra for

1.5 MeV l‘He ions incident on Pd
implanted Cu.

be achieved at a Pd concentration of 11 at. %. The results shown in the

Table indicate that high substitutional fractions of Au or Pd can be

- 724 T
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ook =3P T 1xi0'% em 2 RT. |
===

Yields (107 counts)

400
Channel Number

Fig. 3 ~- Random and <110> aligned spectra for
1.5 MeV 4He ions incident on an ion
mixed sample (see schematic).
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Table I, Comparison of Jon-Beam-Mixing and High-Dose Implantation

Incorporation Of Au and Pdin <I10> Cu

Implantation Ion Beam Mixing
Cu <I00> 150 keV Au, Pd 300 keV Xe
ta,= 1604
Au dose ~1x 10'%em? dose ~5 x 10'3%/cm?
conc ~5at % conc ~12at %
subst ~100% subst ~96 %
tpg= T2 A
g dose ~ 1x10'7em? dose ~ I x 10'8/cm?é
conc ~6 0ot % conc ~1lot %
subst ~96 % subst 72%

obtained by ion mixing. As in the case of Ag (11), both direct implanta-
tion or ion-beam-mixing give comparable results; however, an order of
magnitude or higher dose is required with high-dose implantation as compared

to ion-beam-mixing.

Ion-Beam-Mixing - High Concentrations

The objective of this set of experiments was to achieve concentra-
tions well in excess of those that can be obtained by direct, high-dose
implantation. ThLe samples were prepared by depositing thicker films,
thicknesses between 150 and 500 X, than those described in the previous
section where the objective was to achieve Pd or Au concentrations near
10 at, %. In all cases, the film thicknesses were less than the range of
300 keV Xe ions.

With these thicker films, differences in the substitutional fraction
of Au and Pd became apparent. The data in Fig. 4 shows that 23 at. % of Au
in Cu can be achieved by implanting Xe through a 300 X Au film. The sub-
stitutional fraction is not as high (= 50%) as that obtained in lower
concentrations of Au and the aligned yield in the Cu is higher. However,
for the same concentration (= 25 at. %) of Pd, the amount of disorder in
the near~surface region was higher and, as shown in Fig. 5, there was no
difference in the Pd aligned and random yields. X-ray diffraction measure-

ments showed the presence of a polycrystalline layer.

With the thicker films of Au and Pd on Cu, backscattering measure-
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ments showed that the initial stages of ion-beam-mixing led to

3.0 MeV  He ions incident on
jon mixed Au film on Cu.

an

interdiffrus-

ion and reactions at the interface.

The interfacial reactions are similar
to those found in ion-mixed lavers on silicon in which silicide layers are
formed. In the present case, polyerystalline solid solutions are formed.
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The data in Fig. 6 shows a random spectrum for a LT0 Z thick Pd film on Cu,
and the aligned and random spectra after mixing with a dose of 5 x lolg/crn/J
Xe ions. The spectra show that intermixing occurs in the interfucial layer
and that the reacted region is highly disordered. The Cu signal doec not
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Fig. 6 - Random and aligned spectra for
k70 R thick P4 films on <110>
Cu.

extend to the surface energy position, and the Pd signal does not extend
down to depths corninerable to the penetration of the Xe ions. These resuits
indicate that the initial extent of the interdiffusion is confined to the
region around the interface and does not occur over the entire depth of the
Xe collision cascade. This limited extent of interdiffusion is similar to
that found in silicide forming systems. At higher doses, the Cu signal
reaches the surface position and the Pd signal broadens and decreases in
height. Ion-beam-mixing then can lead to diffusion and reaction of the
entire Au or Pd layer as long as the ion range is substantiaslly greater than

the film thickness.

lon-Beam-Mixing -~ Concentration versus Dose

The objJective of this set of experiments was to determine the cun-
centration and substitutional fraction that could be obtained for a given
film thickness at different ion doses. The concept was that increased ion
doses would lead to increased amount of interdiffusion and hence decreased

concentrations of Pd or Au in Cu.

The data in Fig. 7 shows that for a given film thickness, the coun-
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Fig. 7 - Atomic concentration (left axis) and

substitutional fraction (right axis)

versus ion dose for Pd (upper figure)

and Au (lower figure) films on Cu.
centration of Pd (upper) and Au (lower) decreases with increasing ion dose.
The substitutional fraction increases as the concentration decreases.  How-
ever, there is a difference between Au and Pd: for a given dose the thick-
ness of the mixed layer is greater for Au than Pd; i.e., the amount of
diffusion within the collision cascade is greater for Au than Pd.

Figure 8 shows concentration-versus-dose curves for Au and Pd films in
the thickness range of 100 R to 200 A. The two curves are offset because
for a given film thickness there is more interdiffusion and hence lower
concentration for Au than for Pd. At high concentrations, polvervstalline
solid solutions are formed. At lower concentrations, about 30 at. 7. for Au
and about 15 at. ¥ for Pd, single-cryvstal solid solutions are formed. The
schemat ic diagrams indicate that tor a low dose, interdiffusion is con-
fined to the interface region; for a  higher dose, the Au or Pd laver is inter-

mixed with Cu at concentrations dependent on the fon dose (solid curves),
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Fig. 8 - Concentratjon versus dose for Au and Pd films,

100 - 200 A, ion mixed with 300 keV Xe ions.

The lower curve is for direct implantation of

150 keV Au or Pd.
and at even higher doses, sputter erosion will determine the concentrations,
The lower cover shows the concentrations that can be achieved by direct
implantation of 150 keV Au or I'd into Cu., There should be two curves
reflecting the differences in ion ranges and sputtering coefficients between
the two species. Lowever, the differences are small compared to the con-

centrations achieved by ion-beam-mixing.

Summary

Both direct implantation and ion-beam-mixing can be used to form sub-
stitutional single-crystal solid solutions of Au or Pd at low atomic concen-
trations on Cu single-crystals, With direct high-dose implantation, the
maximum concentration of Au or Pd is limited to less than 10 at. % due to
sputtering effects. With ion-beam-mixing higher concentrations can be
achieved at one or two orders of magnitude lower Xe ion doses, At P anitd
Au concentrations of = 1% and 30 at. % polycrystalline solid solutions are
formed. For ion mixing with Xe ions incident on Cu crystals held near room

temperature, the amiunt of interdiffusion of Au is greater than that of Pd.

These results show that fon-beam-mixing can be used as an alternative
to direct implantation in cases where the implanted {on species can be de-

posited as a thin fiim., iu {fon-beam-mixing, inert lons can be used at sub-
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stantially lower doses than with direct implantation and higher concentra-

tions can be achieved.
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