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\ i ABSTRACT

Modification of chemical, physical and mechanical properties of
ceramiq7:;niconductor surfaces by ion implantation pro§ides an
opportunity to define and obtain desirable properties for a variety of
applications. These include: interfaces in composite materials,

electrical properties of devices and contacts, and specialized surfaces

- for optical waveguides, wear and corrosion resistance, etc. In this

study, single crystals (6H), and whiskers of high purit ii%}ﬁga“garbide
were implanted with a variety of n- and -type dopantéLJ » Ny &1, () an
isovalent dopant (Ti), inert species (Ne) and hydrogen. Isochronal
anneals at temperatures up to 1173 K permitted systematic evaluation of
thermal effects in the implanted region. Implants fluences were

normalized $o permit comparisons on the basis of equal concentrations of

ve oy
displaced %i atoms for each ion. Microstructural, mechanical and
chemical effects were studied by a series of RBS/channeling, TEM, SEM,

microhardness, microtensile, AES, SIMS, and wetting (sputtered and

0

molten metal) measurements.. Recovery of crystalline structure during
annealing is shown to be reladjvely independent of the implant species
but depends upon the number of latomic displacements in the Si
sublattice. Near-surface mechanical and chemical effects, however, are
very dependent on the chemica;/electrical nature of the implanted ionms.

Applications to ceramic/metalvinterfaces in metal matrix composites are

discussed. (;-&414‘:> (71\%LA§_ > (?LV
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1. INTRODUCTION

This program was initiated because of the need for an improved
basic understanding of reinforcement phase/matrix interfaces in metal or
ceramic matrix composite systems. Metal composites (MC) generally
require a strong interfacial zone to ensure stress transfer between
fiber and matrix. Unfortunately, such interfacial strength is often
accompanied by low ductility, toughness, impact strength and crack
propagation resistance. In ceramic composites (CC), the key to
increased toughness has been related to low strength in the fiber-matrix
interfacial zone. This permits extensive fiber pullout and frictional
sliding of the fiber along the matrix. Thus, in both types of composite
systems, the understanding and ability to control the structure and
properties of interfacial zomes is critical to achieving optimum
composite properties.

Jon beam modification of surface properties, which is a rapidly
expanding technology that has been and will continue to be applied to
many engineering materials, is an ideal way of tailoring near surface
structure and chemistry. Many of the early studies in metals and
ceramics, however, focused on empirical material behavior after ion
implantation, such as the tribological properties, rather than
attempting a full understanding of the microstructural and microchemical
changes. Nevertheless, these empirical successes were the primary
driving force for the emergence of commercial implantation facilities
which have facilitated many real engineering applications.

The focus of the present study was to use ion implantation as
the basis for selectively tailoring the surface properties of single
crystal silicon carbide and to investigate the microstructural and
microchemical mechanisms responsible for the observed mechanical
property changes. Earlier work by the High Energy Ion Beam Studies
(HEIBS) group at Westinghouse and the University of Pittsburgh and,
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independently by workers at Cambridge University, which demonstrated
surface mechanical changes in brittle materials, was used as the
foundation for the work described herein. Implant species, energies and
fluences were selected in part, based upon past history, but also based
on chemistry and ballistic considerations, as more specifically detailed
in Section 2.1. Post-implant anneals were employed to evaluate material
recovery and/or stability. Principal diagnostic techniques employed
were RBS/channeling to investigate damage structures, and microhardness
to characterize mechanical behavior changes. These techniques were
further augmented by transmission electron microscopy (TEM), auger
electron spectroscopy (AES) and secondary ion mass spectroscopy (SIMS).
The data derived from the single crystal experiments were subsequently
used to select parameters for the Los Alamos whisker implantationms.

The results (Section 3) clearly demonstrate that the surface
mechanical properties are altered by ion implantation and that the
behavior is dopant dependent. These findings are discussed in relation

to interfaces in metal matrix composites.




2. EXPERIMENTAL APPROACH

2.1 BALLISTIC CONSIDERATIONS

The physics of damage production and chemical doping of solid
(1-3)

materials by energetic ions has been discussed in numerous texts.
In this section, we describe only briefly the ballistic effects which
impacted the selection of ion implantation conditions (ion species,
energy, flux and fluence) in the present investigation.

As an energetic ion traverses a solid target, it loses energy
through frictional effects due to electronic interactions und elastic
collisions with atoms in the solid. The total path length travcled by
the incident ion before it comes to rest may be calculated from integral
equations first derived by Lindhard, Scharf{ and Schiott(4) and
incorporated into the "LSS computer code® by Gibbons.(s) The parameter
of experimental interest is usually not the total path length but rather
the projection of the total path length in the direction normal to the
implanted surface. A monoenergetic beam of ions with energy E° incident
on the solid will thus come to rest at a depth corresponding to the mean
projected range, Rp.

For most combinations of ion and target, the actual distribution
of implanted ions is approximately Gaussian-centered at a depth Rp with
a root mean square straggle or ARp. Table 2.1 gives some typical values
of Rp and AR for several ions of different mass and energy incident on
silicon carbide. For the ions and ion energies of interest to the
proposed study, Rp is typically 0.03 gm to 0.8 pm and ARp is on the
order of 10 to 20% of the mean projected range. The average

concentration of implanted solute is given approximately by:

[solute] = _§-§%_K§— = atoms/cm3 (2-1)
p




where ¥ = ion fluence measured by ions/cmz. While the concentration
profile and the extent of the doped region can be altered either by
changing the angle of incidence of the ion beam during implantation or by
performing multiple implants using ions of different energies,(s) only
monoenergetic beams at normal incidence were used in this investigatiocu.
For the whiskers, however, which have curved surfaces (circular cross-
sections), this implicitly means that the implant was not at a uniform
depth around the entire whisker surface. This is briefly discussed further
in Section 2.4.

The elastic collisions of the incident ion with atoms of the solid
can result in a large number of atoms being irreversibly displaced from
their lattice sites. Most of the atomic displacement damage results from
collisions of energetic PKA's (primary knock-on atoms) with neighboring
atoms of the solid.(7) A PKA is an atom of the solid that receives its
energy by a direct collision with the incident ion and dissipates its
energy in a shower of secondary binary collisions with adjacent atoms in

the solid. These events occur on the fast collision time scale (~10—14 to

10-13

metallically bonded materials, the cascades are vacancy rich regions which

seconds) and lead to highly localized damage regions (cascades). In

can collapse to produce dislocation loops or voids. Only ~1% of the
Frenkel pairs survive recombination in metals because of low interstitial
atom migration energies and the non-directional bonding.

In covalently bonded ceramics such as silicon or silicon carbide,
the results are much more complex. For energy transfers greater than
~15 eV per atom, the experimental evidence suggests that the highly
localized damage zones may become amorphous.(a) The very strong,
directional bonds are difficult to re-establish for implantation
temperatures of T < 800 K. Extensive post-implantation annealing at
elevated temperatures is required to restore crystallinity. This is a key
point in ion beam modification of ceramic materials for composite
reinforcement.




Ion

Ne

Al

Si

Ti

Table 2.1

PROJECTED RANGE, STRAGGLING AND PEAK DAMAGE DEPTH FOR VARIOUS

IONS INCIDENT ON SiC AT 50, 100, 150 AND 300 keV.

Rp (ym) ARp (ym) Xm (pu)
.1309 .0337 .0820
.2502 .0489 .2000
.3543 .0579 .3000
.6104 .0718 .5490
.1081 .0292 0740
.2105 .0438 1640
.3018 .052¢9 2500
.5300 .0675 4640
.0918 .0255 0580
.1823 .0398 1358
.2652 .0492 2150
.4770 .0650 4160
.0618 .0176 .0330
.1268 .0297 0840
.1903 .0388 .1400
.3639 .0564 .3000
.0461 .0127 .0210
.0948 .0223 .0560
.1448 .0303 .0960
.2890 .0477 2250
.0428 .0117 0190
.0876 .0208 .0500
.1339 .0284 .0870
.2692 .0452 2050
.0397 .0106 .0160
.0809 .0189 .0440
.1238 .0260 .0780
.2516 .0424 1850
.0330 .0080 .0117
.0659 .0144 .0330
.1005 .0202 .0580
.2078 .0346 1440
.0278 .0063 .0077
.0641 0112 .0240
.08186 .0158 .0420
.1681 .0278 1080
2-3




The fluence required to obtain complete overlap of the localized
amorphous sones depends on the mass and energy of the incident ion and
the implantation temperature. For room temperature implantation of

15 ions/cm2 is required

silicon carbide, for example, a fluence of ~10
for ions of mass ~14 to 75 amu, at energies of ~50 keV to 200 keV, to
obtain an amorphous gone. This fluence was selected as one of the
benchmark fluences for the Phase I experiment described in Section 2.2
It has been shown previously(g) that different combinations of ion
masses and energies (and temperatures) can produce the same damage
levels and damage profiles, but with different chemical dopant
concentrations. Thus, it is possible to independently vary (and study)
the effects of atomic displacement damage and compositional changes from
the implanted ions in single element ceramics such as silicon. This is
not generally true for compounds such as SiC where ions of different
masses occupy different sublattices. The atomic displacement processes
depend on the relative masses of the incident ion and target atom
through a relation of the form T = (4l1H2)/(l1 + l2)2 where T = the
fractional energy of an ion of mass ll that can be transferred to a
target atom of mass N2. Thus, in silicon carbide, for example, an
incident Al ion will give up a larger fraction of its energy to a
silicon atom than to a carbon atom. The result, as observed in a number
of compounds, is to produce highly localized changes in stoichiometry.
Luminescence data often show evidence of a high proportion of C-C bonds
(graphitic regions) in ion bombarded SiC, for example.(lo)

If the atomic mobility is sufficiently high, the displaced atoms
and vacancies may condense to form dislocation loops, voids, or solute-
defect features which can appear to be nonequilibrium phases.(ll) All
of these effects can have an impact on the mechanical and chemical
properties of the ion beam modified surface. Dislocations can provide
unexpected plasticity; voids will alter the effective modulus; and the
presence of new phases can either barden or soften, embrittle or toughen
the affected region.

These factors were all considered in the selection of
implantation conditions described in Section 2.2.




2.2 SINGLE CRYSTAL IMPLANTATION CONDITIONS AND PROCEDURES

For the Phase I experiments, aluminum and nitrogen ions were
selected as the bombarding species in part because previous work had
shown that nitrogen inplant:ti?;zc:gid introduce near surface plasticity

in silicon and silicon carbide while aluminum implantation
modified crack propagation behavior in silicon.(14’15) Additionally, Al
and N are p- and n-type dopants, respectively, in SiC. As discussed in
Section 2.1, Al is expected to more efficiently damage the Si sublattice
whilst N should be more efficient in displacing carbon.

Silicon carbide <0001> crystals were selected from the D149 and
D143 sublimation growth run samples, shown in Figure 1, and determined
by transmission Laue patterns to be mixed polytype but mostly 6H SiC.
These samples are completely transparent, but slightly yellow in color.
Those utiliged for RBS/channeling measurements were approximately 1 cm x
0.5 cm and 1 mm thick. They are compensated, slightly n-type, with an
impurity concentration of ~5 x 1017/cn3. Crystal faces were lapped flat
and parallel to the (0001) plane. For the Phase I experiments, the face
utiliged for the implantation experiments had a 0.1 gm diamond finish.
This surface was further modified for Phase II experiments by an
oxidation and acid stripping process to remove any residual damaged
layer left after the final diamond polish. Separate transmission
electron microscopy (TEM) specimens were cut to approximately 2.5 mm x
2.5 mm and were £ 1 mm thick. No polishing and grinding procedures were
performed on these samples. All crystals were cleaned thoroughly in HF
followed by distilled water and solvent rinses prior to implantation.

Reference samples for the channeling studies were provided by
placing a tantalum mask over ~1/3 sﬁecimen surface during implantation.
TEN specimens were not masked. Implants were made at ~300 K and at a
pressure of 1.3 x 10—5 Pa with a 200 kV implanter equipped with post
acceleration magnetic mass separation. Current densities were
0.5 pA/cm2 and 0.25 pA/cm2 for N and Al, respectively. A typical
specimen configuration is shown in Figure 2 for specimen D149 p30.
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Figure 2 — Typical mounting arrangement for single crystal SiC on
aluminum holders. The "n-i" and "i" regions refer to non-
implanted and implanted, respectively.
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Implantation conditions and calculated fluences are listed in
Table 2.2. Accelerating voltages for the N and Al ions were chosen to
produce peak damage at a depth of approximately 0.1 gm. The calculation
of deposited damage energy and the amorphization criterion for SiC are
discussed extensively by Spitznagel et al., in reference 16 which is
included in full in Appendix A. A more abbreviated discussion is
presented here. Figures 3 and 4 show the damage energy, SD(x), for
various ions implanted into SiC as a function of incident ion energy.
The curves were calculated using a modified version of the EDEP-I(S)
code. The damage energy (energy loss due only to atomic displacements)
is shown for the surface (x=0) and the peak damage depth (x=xn). The
calculated SD(x) curves were used to determine the fluences of 75 keV N*
and 150 keV A1’ required to produce equal numbers of displaced atoms in
the SiC crystals at a peak damage depth of 0.1 um. The resultant
fluences represent different concentrations of implanted dopant and
slightly different values of projected range, Rp. Based on previous
results,(ls) a critical deposited damage energy of 2 x 1021 keV/cm3 was
used to estimate the fluences of N and Al ions required to produce an
amorphous region at X, and an amorphous zone extending from x, to the
front surface using the following equation:

21 3
Critical Fluence = 2X 10" keV/cm (2-2)

8p(x) x 107

where SD(x) is given by Figures 3 and 4.

Table 2.2 summarizes these calculated values and the additional
fluences chosen to produce doping beyond complete amorphicity and a
damaged but crystalline microstructure for each ion. These are the
fluences selected for the Phase I experiment. In a second series of
implantation experiments, designated as Phase II, the implantation
conditions and species listed in Table 2.3 were utilized. The footnotes
indicate specific reasons for the selection of parameters and species.

These experiments were both a direct extension of the Phase I nitrogen
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and aluminum ion work and a broader based ion/dopant scoping study.
Implants were also designed to address a) whether surface softening is
due entirely to residual compressive stresses or is dopant related; and
b) the impact of annealing with applied pressure on amorphous layer

regrowth.

Table 2.2
IMPLANTATION CONDITION AND CALCULATED FLUENCES FOR PHASE I
EXPERTMENTS BASED ON ACEIEVING AMORPHIZATION AT
8p(x) = 10°! keV/cn

Fluence (ions/cm2)

Condition Nitrogen Aluminum
No Amorphicity 5 x mi; 1 x 1012
Amorphous at Peak Damage Depth (x = x_) 1x 1015 4.9 x 1014
Amorphous from Peak Damage Depth to Surface 1.9 x 1016 7.7 x 1015
Beyond Amorphicity 1x10 5x 10

All ion fluences and energies were chosen to permit direct
comparison with Phase I results based on fluences of Al and N ions
required to produce amorphous SiC from x, to the surface. All implants
(Phases I and II) were performed at ~300 K.

2.3 POST-IMPLANTATION ANALYSIS AND ANNEALING

Following implantation, all masked (i.e., non TEM) 8iC crystals
were investigated by RBS/channeling and microhardness, as discussed in
more detail below. Post-implantation annealing was performed
sequentially on each crystal at 573-1233 K in a vacuum furnace at a

pressure of 2.7 x 10-4

Pa. The temperature range was selected to span
possible processing temperatures for a variety of metal matrix composite
alloys. All crystals were analyzed by RBS/channeling and microhardness
measurements after each anneal stage to follow damage recovery and its
impact on the surface hardness. Selected TEM specimens were also

subjected to various annealing stages. A few, carefully selected,

a-11




crystals were also analyzed by either Auger electron spectroscopy (AES)

or secondary ion mass spectroscopy (SIMS), after the final annealing

stage.
Table 2.3
PARAMETERS FOR PHASE IT IMPLANTATION EXPERIMENTS
Fluence Energy
Experiment Jon ions/cm keV Reason
1 N* 5 x 1017 75 (a)
2 A’ 2 x 1017 150 (a)
Al 5 x 101° 150
3 plus 17 (b)
protons 5 x 10 20
4 Ne* 7 x 1019 135 (c)
5 B* 3 x 101° 50 (d)
6 P 9 x 1014 150 ()
7 T3t 5 x 1014 250 (d)
8 At 5 x 1018 150 (e)

{a) Extend Phase I study to examine high fluence effects and compare
with Cambridge results.

(b) Determine whether "passivation® of Si bonds in amorphous-SiC by
hydrogen affects regrowth of amorphous layer as has been observed
in Si crystals.

(c) Determine whether softening is due solely to residual compressive
stresses. :

(d) Determine whether the electronic nature of the dopant (n-type, p-
type, isovalent) affects the regrowth of the amorphous layer.

(e) Determine whether annealing under point contact or hydrostatic
pressure affects the regrowth of the amorphous layer as has been
observed for Si.
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2.8.1 RBS/Channeling
All RBS/channeling studies were performed at the University of
Pittsburgh in the HEIBS laboratory. A 1.5 MeV He beam from a 2 MV Van de

Graaff was used to conduct these experiments. Beam currents were normally

15 nA and the spot size was 0.8 mm, with a beam divergence of < 0.03
degrees. RBS measurements with made at 168°. Each RBS spectrum obtained
from an implanted or implanted and annealed crystal was directly compared
with a spectrum from the corresponding non-implanted portion of the
crystal. The as-implanted specimen mounting configuration (Figure 2) was,
in all cases, used for RBS measurements. For annealing studies, specimens
were demounted for the anneal stage, and subsequently remounted for
RBS/channeling studies.

2.8.2 Microhardness Measurements

Hardness indentations were obtained on a Tukon hardness tester
calibrated for loads 2 10 g. A Knoop indenter was used with loads of
10-300 g. Initial measurements on as-polished crystals indicated no
significant orientation dependence of the hardness so, for Phase I
samples, no fixed orientation was maintained. An additional check was
performed on D149 u-33 (5 x 1015 Al/cmz) after annealing at 1173 K /0.5 h
by taking measurements with the long diagonal of the indenter parallel to
the <1010> and <1210) directions, but no hardness differences were
detected. Actual Knoop Hardness Number (KHN) were calculated from
micrographs of the indents taken on a Reichert optical microscope at 1000x
under constant illumination conditions by the same operator. Indents were
too small to be accurately measured with the microscope/filar eye piece
attachment on the Tukon tester. Most data are reported showing
representative standard deviations. Indentations were always placed
towards the edge of the specimen so that adequate indent-free area
remained for RBS experiments.

Despite the orientation independence observed in the Phase I
sample measurements, Phase II hardness indents were consistently measured
parallel to a [1210] facet.

.



2.83.8 Characterisation by TEM, AES and SIMS

Preparation of cross-section TEM samples was as follows: a ~100 nm
thick layer of SiO2 was evaporated onto the surface of each 2.5 mm x
2.5 mm square sample. The samples were then mounted in a low viscosity
embedding medium, cured, and ground and polished to produce wafers ~0.1 mm
thick. Subsequent dimpling produced a center portion which was ~50 um
thick. Final thinning to obtain electron transparent regions was achieved
by ion milling with 6 KeV Ar ions. Due to excessive edge milling effects
in some samples, planar specimens were also prepared by thinning from the
backside to the implanted surface using a procedure essentially identical
to that used for cross-sections, apart from the use of a single ion gun in
the milling process. All TEM studies were performed on a Philips 400T
electron microscope operating at 120 kV.

Selected samples (i.e., large crystals) were examined by AES,
after their final annealing stage, according to the following procedure.

A Physical Electronics Scanning Auger Spectrograph was used for all
analyses. After recording the auger electron spectrum from the as-
implanted surface, subsequent spectra were recorded after successive
sputtering times (usually 1 min intervals). Composition profiles were
thus determined by calculating relative atomic % values (using previously
determined sensitivity factors) versus depth for each element of interest.
The sequential sputtering process was continued until only the
stoichiometric SiC composition was obtained in the spectrum (usually at a
depth ~300 nm). A 5 kV Ar beam was used for sputtering. Comparative
depth profiles were obtained in a similar fashion from the non-implanted
portion of each SiC crystal.

The AES characterization described above was feasible only on
samples implanted with ion fluences high enough to produce a doping
concentration measurable by AES (i.e., significantly above the detection
limit). Several other specimens, implanted with lower fluences were
submitted to the Physical Electronics Laboratory for SIMS profiling

analyses. Most data were obtained using a negative primary ion beam (0)




since the elements of interest are electropositive. Concentration
profiles were obtained to depths 2 Rp (projected range of implanted

species).

2.4 THE WHISKER EXPERIMENT

This experiment was designed to ion implant a number of Los Alamos
supplied SiC whiskers with various dopants. The particular ion species,
fluences and energies were selected based on results from the Phase I and
II experiments so that direct comparison of whisker and single crystal
behavior could be made. Justification for these selections is discussed

in Section 3.

2.4.1 Implantation Procedures and Conditions

Prior to performing the actual ion implantation, a scheme had to
be devised for mounting individual whiskers for insertion into the
accelerator. Macrophotographs of a typical specimen configuration are
given in Figure 5 which shows one particular sample mount before and after
implantation. Indium strips were heated to their melting temperature on
an aluminum substrate flashed with gold. The bond developed between the
indium and Au/Al was sufficient to ensure good thermal and electrical
conduction during implantation. Each whisker was then individually
mounted into slots cut into the indium and held securely in place by
mechanically pressing indium to fill each slot. As shown in Figure 5, a
maximum of 16-18 whiskers were mounted on each holder. The whiskers were
mounted over a 1 cm diameter hole (magnitude determined by the accelerator
beam size) to permit implantation from both sides of the mount. Thus,
although the resulting implanted ion depth is not uniform around the
whisker cross-section (since implantation is a line of sight process), all
radial directions have received some concentration of implanted species.
Four specimen mounts were prepared and implanted according to the

parameters listed in Table 2.4.




Figure 5 — Los Alamos whiskers mounted for ion implantation; a) as-
received, b) after implanting with 8 x 10 A1+/cm at
150 keV. (Different lighting conditions were used.)
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Table 2.4
WHISKER IMPLANTATION PARAMETERS

Incident
Ion Energy Ener§¥ F}gx
Mount Designation Fluence keV Jes “cm
¥ 3 x 10'°® B*/cn? 50 keV 1.9
#2 9 x 10 P*/cn’ 150 keV 13.2
#3 8 x 108 A1*cn? 150 keV 5.6
#4 2.5 x 107 N,"/ea® 150 keV (a) 197.0

(a) Equivalent to a fluence of 5 x 1017 N+/cm2 implanted at 75 keV

since N2 molecule dissociates upon impact.

Despite the rather elaborate mounting procedure outlined here,
there was considerable concern about the rise in temperature in
individual whiskers during ion bombardment. Hence, modeling
calculations were performed to assess the upper limit of incident ion
energy deposition rate which would permit a "reasonable" time for ion
implantation but not produce an unacceptable rise in temperature. The
goal for this latter parameter was set at 873 K maximum, based on
typical MC processing temperatures. Assuming an emissivity of 1.0 or
0.5, together with published values of the density, thermal conductivity
and heat capacity of SiC, the maximum temperature of a SiC whisker was
calculated for incident energy fluxes of 60 and 600 Joslcn™2. The
results are tabulated in Table 2.5 for whisker diameters of 3 and 10 um
(typical of those used for the implantation experiment). The worst case
prediction is for a 3 ym diameter whisker which will experience a
maximum temperature of 977 K at its center (L/2) for an incident energy
flux of 600 J's-l 2 Table 2.4 shows that for most implants, the

cm “.
actual deposited energy was < 60 J'salcm_2 and that, even for the
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nitrogen implant was only 197 J°s-1cm2. Thus, it was concluded that

these experimental conditions did not produce an unacceptable

temperature rise.

2.4.2 Post-Implantation Analysis of Whiskers

The primary objectives of ion-implanted SiC whisker analysis
were to determine: 1) mechanical strength, and 2) wettability compared
to unimplanted, virgin material. Pursuit of the first objective is
beyond the scope of the present study. Several whiskers from each
implantation experiment listed in Table 2.4 have been forwarded to Los
Alamos National Laboratory so that mechanical property measurements can
be performed. These data will be reported separately at some later
date.

The wettability was addressed as part of this investigation in
the following manner. Several implanted whiskers were removed from each
mount by "clipping" close to the indium. They were subsequently
remounted on 304 SS sheets (approximately 2.5 cm wide x 7.8 cm long x
0.15 cm thick), in grooves, with small dots of Saueriasen refractory
cement. These whiskers were handled with great care so that only the
ends came into contact with the metal tweezers. After a 24 hour cure
for the cement, the entire assembly was submerged in a crucible filled
with molten 2024 Al alloy held at 973 K. Dipping time was ~10 sec.
After removal, and cooling, the 2luminum coated sample was transverse
sectioned, mounted and metallographically polished to evaluate the
wetting behavior. Comparative dipping experiments were performed on

unimplanted whiskers.
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h Table 2.5
: CALCULATED TEMPERATURE RISE IN SiC WHISKERS
DURING ION IMPLANTATION

Maximum Temperature‘, at L/2

Incident %nersy Flux 3 pm Diameter 10 pn Diameter
Jos “cm_ Whisker Whisker
A 60 386 K 330 K
600 862 K 583 K
B 60 305 K 331 K
600 877 X 599 K

A - Emissivity

.0
B - Emissivity 5

1
0.

* Assuming that the anchored whisker ends were maintained at 300 K, the
maximum temperature rise occurs at the center of the whisker; i.e.,
at L/2.
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3. RESULTS AND DISCUSSION

8.1 PHASE I: 300 K NITROGEN AND ALUMINUM IMPLANTS
8.1.1 RBS/Channeling

These data have been discussed in detail in previously published
papers, references 16 and 17 included in full in Appendices A and B. RBS
spectra for aligned, unimplanted (n-i), implanted and annealed specimens
are given in Figures 6 and 7 for the nitrogen and aluminum implants,
respectively. The observed backscattering is determined entirely by the
distribution of displaced Si/C atoms since the concentrations of
implanted atoms are small (< 1 AtX) and make a negligible contribution
to the number of backscattered ions. Following the procedure detailed
by Spitznagel et al.,(le) the number of displaced Si atoms per unit
volume Nn(x) was determined and is plotted in normali?ed fashion as a
function of depth in Figures 8 and 9. The divisor Ng;c is the density
of Si atoms in the SiC lattice. These data indicate several important
points. Firstly, the nitrogen fluence required to reach the random
yield, ND(x)/Ngic =1, at x = x  agrees well with the calculated value
used as a criterion in the fluence calculation. Similarly, the fluence
at which the saturated damage zone extends to the surface compares
favorably with that based on depositing 2 x 1021 keV/cm3 into atomic
displacements. The agreement between experimental and calculated values
is slightly less satisfactory for the heavier Al ion.

In both Figures 8 and 8, the low fluence damage region appears
to be more closely centered upon projected range, Rp, than x - It is
suggested that the implanted N and Al atoms are immobile but that they
may stabilize the irradiation produced defects against recombination or
annealing.
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Figure 6 — RBS/channeling spectra from N-implanted and annealed SiC.
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Comparison of as-implanted and annealed spectra show that

appreciable annealing has occurred in the low fluence implanted (damaged
but crystalline) SiC after a 573 K/0.5 h anneal (Figures 6a and 7a).
Estimates of the amount of recovery, based on reduction in the area
under the direct backscattering Si peak, suggest that approximately 87%
of the number of equivalent displaced Si atoms have been restored to
lattice sites for the Al ion irradiated sample. Less recovery
(approximately 40%) has occurred for the N ion bombarded crystal.
Little recovery is seen at 573 K for specimens where the direct
backscattering peak reaches the random yield for both ions, Figures 6b
and 7b. After a further anneal of 893 K for 0.5 h, however, significant
recovery is also observed in the specimens implanted to produce
amorphization at X -

Dechanneling is further decreased in crystalline and amorphiged
(x=xm) specimens after the 1173 K/0.5 h anneal, but a small direct
backscattering peak still remains. After the same 1173 K/0.5 h anneal,
the lowest fluence Al implant appears to show total damage recovery (not
shown), while the spectrum from the N-implanted specimen (5 x 1014
N*/cm2) is approaching that of the non-implanted crystal (Figure 6a).

For the higher fluence implants, such dramatic recoveries are
not observed. Spectra obtained from specimens implanted to fluences
calculated to produce amorphization from the peak damage region to the
front surface at x = O do show a progressive narrowing and intensity
decrease of the direct backscattering peak, as the anneal temperature is
increased (Figures 6c and 7c). The results indicate that annealing is
progressing from both the front and back of the highly damaged region
and may, therefore, suggest the presence of a very narrow residual
crystalline layer at the front surface after implantation. In contrast,
the highest fluence implants show no recovery at x = 0, only a marginal
reduction in the direct backscattered intensity, and minimal recovery at
the back of the damaged zone (Figures 6d and 7d). This is also true for
the very high fluence, 5 x 1017 N/cm2 and 2 x 2017 Al/cm2 implanted

specimens prepared as part of Phase II. The lack of recrystallization




at x = O is probably related to the lack of residual single crystal

"geed".

3.1.2 Microhardness Measureaents

In previous work by Roberts and Page,(la) microhardness data
were standardiged to a chosen indent diagonal length using the Meyer
analysis. The approach addressed the issue of measuring hardness on a
composite specimen consisting of a thin surface layer and a substrate
expected to have differing mechanical responses. This methodology was
considered but not applied to the data obtained in this study because
the depth of the damaged zone was S 0.24 uym. This is smaller than the
indent depths produced by using a 25 g load which was the smallest load
yielding measurable indent. diagonals (10 g load indents could not be
photographed sufficiently well, presumably because of their shallow
depth, ~0.15 um). Thus, the hardness data reported herein always
reflect a combination of both implanted layer and substrate properties.

Knoop hardness numbers obtained using a 50 g load are plotted as
a function of ion fluence in Figures 10 and 11. Unimplanted reference
data are included for comparison. Utilization of a 25 g load produced
similar trends in hardness change, but incompleteness of the data
precluded its incorporation here. Figure 12 presents hardness obtained
from the Al-implanted SiC using a 200 g load, which samples a much
larger substrate volume. Some evidence of the trends apparent in
Figure 10 are still present. In Figure 13, the microhardness data from
the Phase I high fluence Al implant (2 x 1017 A1+cm2, 150 keV) have also
been included for comparison.

SiC implanted with Al at 300 K shows an initial increase in
surface hardness followed by a decrease over the fluence range
corresponding to the development of a highly damaged and predominantly
amorphous surface layer. The N-implanted SiC exhibits similar, but
smaller hardness changes. The highest fluence nitrogen microhardness
data (implanted with 5 x 1017 N+cm2 at 75 keV) are not plotted because
exfoliation around the indentations precluded accurate measurements.

These results are contrary to those reported previously(ls) where
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Figure 10 — Knoop hardness of implanted and annealed SiC.
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significant changes in hardness were observed only for fluences > 4 x
1017 N;/cm2 (80 keV). These latter implantations were performed with an
estimated substrate temperature of 573 K. The 573 K annealing behavior
reported in this paper suggests that, at low fluences, the as-implanted
damage may be different for the two sets of experiments.

Annealing of the low fluence (still crystalline) N and Al
implanted specimens produces a hardness decrease which may be related to
the recovery observed in the RBS data. The 6§73 K/0.5 h anneal results
in a ~33% decrease in hardness in the 5 x 1014 N+/cm2 SiC sample. The
hardness then increases after the subsequent 893 K anneal. Both values
are below the non-implanted reference hardness, whereas the low fluence
Al hardness recovers to the unimplanted reference value. Both the high
fluence (2 x 1017
(5 x 10t°

values as annealing progresses but after a 1233 K/0.5 h anneal, the

A1+/cm2) implant and the intermediate fluence implant

A1+/cm2) also tend to recover their unimplanted hardness

highest fluence specimen exhibited severe exfoliation at loads 2 10 g.
Figure 14 shows representative indents, after the various experimental
stages. Up to 873 K, however, the structures responsible for the

hardness decrease in SiC implanted with 7.7 x 1014 A1+/cm2 and 5 x 10
A1+/cm2 appear stable and thus should be unaffected by high temperature

15

processing.

With the exception of the high fluence (5 x 1017 N+/cm2)
specimen, the annealing behavior after nitrogen implantation shows a
general trend towards a constant hardness independent of implantation
fluences after the 1173 K anneal. This hardness value is somewhat below
unimplanted SiC reference hardness. After annealing at lower
temperatures, some softening was observed in the 1 x 1016 N+/cm2
specimen at loads < 50 g. At higher loads indentation produced severe
exfoliation and cracking not observed in the high fluence Al specimen.
In the 5 x 1017 N+/cm2
pronounced at 2 10 g loads for as-implanted and all annealed specimens.
After the highest temperature anneal (1233 K/0.5 h), a "pseudo-

plasticity" was observed in SEM images, but it was still not possible to

specimen, lateral cracking and exfoliation was

obtain accurate measurements on the indent dimensions. Scanning




Figure 14 — Microhardness indents obtained using 9 50 g lgad on a SiC
single crystal implanted with 2 x 101 Al*/ca® at 150 keV.
All indents are parallel to a [1210] direction:
a) as-implanted; b) after 573 K/0.5 h anneal; c) after
573 K/0.5 h + 893 K/0.5h anneals; d) after 6§73 K/0.6 h +
893 K/0.5 h + 1233 K/0.5 h anneals.
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electron micrographs (SEM) presented in Figure 15 show microhardness
indents using a 50 g load after the various experimental stages. The
SEM also highlights the surface condition produced by the oxidation/acid
etch process used for all Phase II surface sample preparation. Since
the exfoliation behavior was observed in higher fluence specimens after
both types of surface preparation (Phase I and Phase IT), it is believed
that differences in residual compressive stress and surface morphology
did not impact microhardness properties.

Severe exfoliation and indent morphologies in the nitrogen
implanted and annealed SiC crystals at loads higher than 50 g are
similar to those which have been recorded for higher fluence H-implanted
SiC (see reference 16 and Appendix A). The data suggest that the
property changes are linked to the chemical nature of the dopant atoms
as well as the atomic displacement damage in the temperature regime of
the intermediate anneal.

3.1.8 Characterisation by XTEM and ARS

Preparation of XTEM specimens proved difficult because of
excessive edge milling during the final stage of the thinning process
and so, some additional work was initiated on planar sectionms.
Unfortunately, since suitable TEM specimens could be included in only a
limited number of implantation experiments, and several were lost during
sample preparation, TEM could not be utilized as a major
characterization technique to follow annealing and recovery behavior.
It was used, however, as a cross-reference with the RBS/channeling data
to assess the validity of the amorphization criterion used in the
original fluence selection, for example. These data are specifically
discussed in Reference 16 (Appendix A). TEM analysis of the SiC
specimen implanted with 7.7 x 1014 A1+/cm2
microdiffraction (a) that a very thin (probably > 10 nm) residual

, Figure 16, determined by

crystalline layer was still present at the front surface, and (b) that
the remainder of the implanted layer was predominantly amorphous. These

observations indicate that the saturated damage zone, predicted by the

o
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5.8
Planar

6H<O001; SiC; 7.7x10" Alfem’; As-implanted

Figure 16 — Plan view Brightfield TEM micrograph and diffraction patterni
of BH <0001> 8iC crystal as implanted with 7.7 x 1014 A1*/ca?.
Top) narrow crystalline layer at bombarded surface ;
Middle) amorphous implanted region; Bottom) crystalline region
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amorphization criterion of SD(x) = 2 x 102 keV/cm3 did not quite extend
to x = 0. Evaluation of SiC implanted with 5 x 1015 A1+/cm2 (a fluence
calculated to be well in excess of that required to produce amorphicity
from x = x, to the surface at x = 0) is shown in Figure 17. The crystal
is indeed amorphous from the front surface to a depth of ~230 nm, in
agreement with the RBS/channeling data in Figure 7d.

An XTEM image of a sample of N-implanted SiC bombarded with
1x 1015 N+/cm2 and annealed at 573 K and 893 K for 0.5 h is shown in
Figure 18. This fluence was calculated to produce amorphization at
x=x. After the anneals, microdiffraction analyses showed that the
entire damage zone is crystalline, although the crystal quality is
poorer than that of the virgin SiC. This is consistent with the
recovery observed by RBS/channeling (Figure 6b) and microhardness
measurements (Figure 11). Residual black spot damage, similar to that
observed after hydrogen implantation in Si0(17) was present.

Because of the extreme changes in microhardness behavior
exhibited by the very high fluence nitrogen and aluminum implants
(5 x 1017 N+/cm2 and 2 x 1017 Al+/cm2, respectively) after the third,
high temperature anneal, it was decided that AES profiling studies
should provide valuable insight into the distribution of dopant species
and, hopefully, into the understanding of the surface mechanical
property modification. The concentration profiles for both implanted
and non-implanted portions of annealed SiC are presented in Figures
19-22. For specimen D149 pul (Expt. 1 in Table 2.3), comparison of the
carbon profiles in the implanted and unimplanted portions of the
crystals clearly shows that the former has considerable surface carbon
enrichment which does not decrease to the stoichiometric value until a
depth of ~160 nm has been reached. In fact, the first 60 nm, appears to
be almost 100 At% carbon. This may well explain the "pseudo-plasticity"
observed in SEM images of the microhardness indents on this specimen,
after the third anneal. Interestingly, the nitrogen dopant profile
exhibits a reasonable, Gaussian-like shape and indicates that the

nitrogen probably has very little mobility and is trapped in the damage
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Figure 17 — Cross-section TEM micrograph and diffraction patterns °£
6H <0001> SiC crystal as-implanted with 5 x 1015 NS
Top) 230 nm wide band of amorphous SiC extending to bombarded
surface; Bottom) Crystalline SiC beyond Rp.
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1x10°N/en?

XTEM 6H<0001 SiC

Annealed 573°K & 893°K
for 0.5h

Figure 18 — Cross-section Brightfield TEM image and diffraction patterns of
6H <0001> SiC crystal implanted with 1 x 1015 N+/cm2 and
annealed at 573 K/0.5 h + 893 K/0.5 h. Annealing has restored
crystallinity in the damage zone.
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Curve 754794-B
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Figure 19 — Auger concentration profiles showing the distribution of

S8i, C, N, and 0 in specimen D149 pl, Experiment #1, after
implantation and annealing.




Curve 754791-A
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Figure 20 — Auger concentration profiles showing the distribution of
8i, C, N and 0 in the unimplanted side of specimen D149 yl.
Experiment #1.
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Curve 75L795-8
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Figure 21 — Auger concentration profiles showing the distribution of

S8i, €, N and 0 in specimen D149 u430. Experiment #2.




Curve 754792-A
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Figure 22 — Auger concentration profiles showing the distribution of

8i, C, N and 0 in the unimplanted side of specimen D149
§#30. Experiment #2.




structure. The profile is centered upon the predicted value of Rp (see
Figure 8). The oxygen concentration is also enriched, relative to the
baseline, unimplanted specimen concentration, in the region of high
nitrogen concentration. Near stoichiometric concentrations of C and Si
are observed at depths 2 300 nm. It should be noted that we have
reasonable confidence in the Auger concentration measurements because,
in the unimplanted reference portion of the crystal, stoichiometric
compositions are consistently reached at depths 2 20 nm.

Formation of a near surface, carbon-rich layer, may have several
implications for matrix-reinforcement bonding in MC and crack blunting
or energy dissipation in CC. Further pursuit of this finding is
warranted, but beyond the scope of the present investigation.

In contrast to the high fluence nitrogen implant, SiC implanted
with 2 x 1017 Al+/cm2 showed no extensive near-surface carbon enrichment
after high temperature annealing (Figure 21). The implanted aluminum
exhibits a very broad concentration profile which suggests that
diffusion must kave occurred both towards the crystal surface and into
the bulk. The profile is, once, again, centered approximately upon the
projected range, Rp, (see Figure 9). Stoichiometry is approached at a
depth of ~340 nm. Data from the unimplanted portion of the crystal
(Figure 22) suggest that its composition is slightly carbon enriched,
but the Si/C ratios are consistent over the range of depth examined.

Unfortunately, the AES results from the Al-implanted SiC are not
particularly helpful in explaining the transition from plastic to
brittle behavior exhibited by the microhardness indents. The effect
must be microstructurally, rather than chemically based and thus
requires further effort (probably by TEM) to develop an explanation.

AES analyses were not performed on lower fluence samples because
the implanted dopant concentrations were below Auger detectability
limits. In retrospect, it is apparent that AES is a valuable tool for
interpreting high fluence surface mechanical behavior. However, further

use in the present study was precluded because the scope provided for
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only limited crystal implants which could not be destructively analyzed
until all annealing experiments were completed. Additional work could,
for example, focus particularly on the high fluence N-implant annealing

behavior and follow the specifics of the carbon enrichment more closely.

3.2 PHASE II: IMPLANTATION EXYPERIMENTS

Results from experiments 1 and 2 listed in Table 2.3 were
discussed in conjunction with the Phase I data because they were natural
extensions of that work. The intent was to explore the effects of
higher Al and N fluences, and to compare the results with the earlier
University of Cambridge studies on nitrogen implantation into blue-black
SiC crystals grown by the Atcheson Process and implanted at slightly
higher temperatures. Results from experiments 3 - 8 will be reported in
this section.

The primary objectives of this series of experiments were as

follows:

1) To determine whether "passivation" of dangling Si bonds in a-SiC by
hydrogen affects regrowth of the amorphous layer as has been

observed in Si crystals

2) To determine whether the softening observed in Phase I was due

solely to residual compressive stresses

3) To determine whether the electronic nature of the dopant (n-type,
p-type, isovalent) affects the regrowth of the amorphous layer

4) To determine whether the point contact stresses and thermal cycle
during powder processing of a alvminum alloy - SiCp composite affect

the ion beam modified surface




These iss'ies were addressed by tailoring the implantation
experiments as indicated by the different ion kinetic energies and
fluences in Table 2.3. The ion implantation parameters were selected
to permit comparisons at equal (calculated) numbers of atomic

displacements.

38.2.1 Hydrogen Bffects

Hydrogen is known to be effective in eliminating unwanted
electronic states in amorphous, polycrystalline and crystalline silicon.
The interaction of hydrogen with dangling Si bonds, grain boundaries and
other impurity/dopant atoms is currently the focus of extensive
investigation in a number of laboratories.(ls) In earlier studies we had
shown that it is not possible to turn silicon crystals amorphous by
proton bombardment at 300 K.(g) 8iC can be rendered amorphous at 300 K
at proton fluences above 4 x 1017 /cmz, but annealing of the damage
during implantation occurs if the implantation temperature is above
800 K.(g) The effects of post-implantation annealing were not known.

To determine whether the implantation induced softening and
annealing effects in 6H SiC could be further controlled by the addition
of hydrogen, two crystals were implanted with 5 x 1015 A1+/cm2 at 300 K.
One of the crystals was then implanted with 5 x 1017 H+/cm2 at 300 K
with the incident kinetic energy chosen to deposit the hydrogen within
the region of the crystal damaged by the preceding aluminum ion
bombardment, Table 2.3. The average concentration of implanted hydrogen

22 atoms/cmz. This corresponds

calculated from equation 2-1 is 4.6 x 10
to approximately 50 atomic percent relative to SiC, or one hydrogen for
each displaced Si atom in a totally amorphized damage zone. Both
crystals were subsequently annealed at 1173 K for 0.5 h.

RBS/channeling measurements of the two crystals after
implantation are shown in Figure 23. Both crystals exhibit a direct
backscattering yield corresponding to a randomly oriented or amorphous
Si sublattice. The hydrogen implantation has resulted in a slightly
broadenad damage peak. TEM observations, Figure 24, confirm the

existence of an amorphous band extending approximately 260 nm from the
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Figure 23 — RBS/cha.nneligg spectga, of 6H SiC lgingle c;l'ystals img}anted
with 5 x 10° A1*/cn® and 5 x 10°° A1*/cn® + 5 x 10
B /cn® at 300 K.
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Figure 24 — Cross-section TEM micrograph and diffraction p?gterns o
6H <00?%> SiC grystal as-implanted with 5 x 10°° A1*/cn® plus
5 x 10°! B /cn® at 300 K; Top) 260 nm wide band of amorphous
8iC extending to bombarded surface; Bottom) crystalline SiC
beyond Rp.
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bombarded surface. This i