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STRUCTURAL ALTERATIONS IN SiC AS A RESULT OF Cr+ AND N+ IMPLANTATION*

J. M. Williams, C. 0. McHargue, and B. R. Appleton
Oak Ridge National Laboratory, Oak Ridge, Tennessee

ABSTRACT

Ion scattering and channeling techniques were used to study production

of disorder and randomization of SiC by implantation of Cr and N at doses

of up to 3 X 1016 /cm2 for Cr+ and 8 X 1016 /cm2 for N+. Experiments were

designed so that the calculated damage energy profiles would be well matched

for the two ion species. The results were compared for the degree of effec-

tiveness of Cr and N in producing disorder. At higher doses, Cr was much

more effective than N for a given damage energy using the same calculational

method for Cr as for N . In correlated studies of swelling, both species

had about the same effectiveness in producing swelling.

•Research sponsored by the Division of Materials Science, U. S. Department
of Energy under contract W-7405-eng-26 with the Union Carbide Corporation.



1. INTRODUCTION

The experiments of the present paper form part of a program designed

to study the effects of ion-implantation on fracture toughness, tribological

properties and related structural changes of refractory ceramics [1, 2, 33-

In a previous paper [3] we reported that implantation of Cr produced an un-

expectedly large swelling of up to 30% in SiC. The present experiments

were designed to add to our understanding of the parameters that govern the

swelling and how the swelling is related to structural changes. Experiments

that bear a relationship to our work have been conducted by Roberts and Page

[4], who used N implantations of SiC. Because of this and also because of

the possible importance of ion mass as a parameter, N implantations as well

as Cr implantations were done in the present series of experiments.

The experiment had two parts. In the first, ion channeling techniques

were used to study disorder and "randomization" of SiC as a function of dose

and damage parameters for Cr and N implantations. "Randomized" refers to

that region of the SiC crystal for which the ion scattering yield from an

aligned crystal exhibiting channeling is the same as that for the rotating

random case. It seems clear from previous experiments [3,5} that SiC is

truly amorphized by ion implantation in some cases. We don't yet know the

relationship between amorphization and randomization over the whole range of

conditions used in the present experiments. Future experiments will explore

this relationship. The second part of the experiment consisted of swelling

measurements on samples implanted with Cr^and If!" The results ware analysed

in terms of dose and damage parameters for intercorrelation with the first

part of the experiment.



-2-

Our analysis includes a test of a critical energy criterion (CEC) for

randomization. Such criteria have been considered before in studies of

amorphization of Si [6,7]. Instead of using average damage energies over

certain depths, we correlated the CEC with calculated damage profiles,

considered as point functions. This is conveniently done by use of the

computer codes E-DEP-1 [8] or TRIM [9] to give damage energies versus depth.

The total damage energy at a given depth is the product of the dose and the

calculated damage energy per particle at that depth. These damage energies

were tested for constancy at depths corresponding to the edge of the random-

ized region as it advanced to larger depths with increasing dose for Cr
j-

and N implantations. Over a wide dose range the analysis places stringent

demands on both the CEC and the calculated damage profile. We cannot assume

that the calculated profile has the required accuracy, particularly at the

larger depths. Thus the interpretation of the experiment is as follows.

When no deviation from the CEC is resolved, both the profile (in forai but not

necessarily elevation)and the CEC are probably correct; otherwise systematic

deviations from the CEC and those between the calculated profile and the

true profile, are compensatory. Resolution of a deviation from the CEC could

be due to a fault in the CEC and/or the profile.

2. EXPERIMENTAL

The particle energies, 62 KeV and 260 K-eV, respectively, for N and Cr

implantations were chosen on the basis of calculation (E-DEP-1) so f-.at
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the damage energy profiles for the two particles would be as closely matched

as possible. Both profiles were peaked at O.O&im. The profiles closely re-

semble that previously calculated for 280 KeV Cr on SiC in form [3]. The

form of the profile for N is shown in the present paper as part of the results

(Fig. 4). When both profiles are normalized to their peak values the N profile

falls off somewhat faster in both directions than the N profile does. Table

1 summarizes calculated parameters pertaining to these implantations. For

these calculations E-DEP-1 was employed in a version which incorporates modi-

fications recently suggested by Robinson and Oer, [10]. The values for damage

energy are approximately 20% higher than for the standard version but relative

effects over the range and from particle to particle are rather constant.

The samples, all single crystals, were grown by the Carborundum Company.

Each crystal was polished to a flat on an JOOOIJ plane so that surface irreg-

ularities as detected by profilometry were £2.5 nm in amplitude.

The ion scattering/channeling experiments were done in a combination im-

plantation and analysis chamber, situated at the junction of beam lints from

a 200 kV implantation accelerator and a 2.5 MV Van-de-Graaff accelerator.

Doses were added incrementally and an analysis was done after each increment.

Doses on the N-implanted sample ranged from 2.7 X lO13/cm2 to 8.1 X 1016/cm2

in ten increments. Doses on the Cr implanted sample ranged from 2.9 X 10lw/cm2

to 3.1 X 1016/cm2. Dosimetry was by integration of charge deposited on the

sample and its grounded surroundings in an arrangement that included a defining

aperture and electron suppressor. There is reason to believe that the two
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lowest Cr doses could be in error by as much as a factor of 2. It will

emerge that such errors do affect the substance of our conclusions.

Samples for profilometry measurements were implanted in another chamber

positioned just ahead of the chamber described above in the implanter beam

line. Each sample was implanted to its final and only dose and then mounted

for its profilometry measurements. Dosimetry was by integration of charge

deposited on the sample, also in an arrangement that provides for rastering,

definition of beam, and electron suppression. Chromium doses ranged from

1.9 X 1013 /cm2 to 3.7 X 1016 /cm2 on six samples. Nitrogen dases ranged from

2.7 X 10* /cnf to 1.6 X 1017 /cm2 on seven samples. A portion of each crystal

was masked for these implantations so that an unimplanted area would remain.

The ledge height between the unimplanted and implanted regions was measured

with a DEKTAK profilometer.

For implantations in both chambers sample temperatures were measured by

means of thermocouples which were clamped in mechanical contact with the

sample surfaces, but were not exposed to the direct beam. Temperatures

ranged up to 75°C for the highest doses and were very nearly the same for

given total damage energies of Cr+or N.

3. RESULTS AND ANALYSES

Figure 1 shows ion scattering/channeling spectra for the Cr-implanted

crystal before (virgin random and [0001]) and after implantation to the

lowest dose of 2.9 X 10 "/cm2 ([0001] only). At this dose there is already
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a plateau region" for which the ion scattering yield from Si is the same as

that of the random. At higher doses the depth range of the randomized region

expands as expected. For the next highest dose (7.9 X lO^/cm2) the random-

ized region has reached the surface. At still higher doses the implanted
+

profile of Cr can be seen, centered at 1.4 MeV, in the energy spectrum.

Conversion of scattered ion energies to depth revealed that the depth of the

Cr peak was in good agreement with the calculated position (Table 1). The

FWHM of the peak was approximately a factor of two greater than that of the

E-DEP calculation, but was in much better agreement with FWHM given by TRIM.

There was no evidence for preferred lattice occupancy by the Crt

Data for N were qualitatively similar, but for Î Twe used doses that pro-

duce damage at levels well below the minimum required for randomization, as

well as above. Fig. 2, wherein the backscattered energies have been converted

to depth, illustrates the pattern. This figure shows scattering yield versus

depth for the lowest dose (2.7 X 1013 N+/CIH2) and then for alternate doses up

to tha maximum (8.1 X 1016 N+Zcnf'). Curves for the five highest N-doses ex-

hibited a randomized region. The first (8.1 X 1011* N+Zcm2) had a non-randomized

region in front of the plateau similar to that for the lowest dose Cr implan-

tation. The CEC was tested for these five N-doses and also the Cr-data. In

determining the depths of randomization for these curves we used the familiar

criterion that the depth of randomization was that for which the backscattered

yield fell half way between the random yield and the minimum yield behind

(and in front for the lowest doses) of the randomized region. Table II shows

the ranges of randomization derived from the curves. The "critical" energies

for randomization (hereafter referred to as ER) for these depths were obtained,

as was stated before, by multiplying the damage energy density per particle

at these depths by the dose.
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For the N-data no systematic variation was detected. The resulting aver-

age ER for the six available cuts was FR = 1.3 ± 0.3 X 10
21iev/cm3 (̂ 13 ev/atom).

The experimental errors in determination of ER consist of errors in depth

measurement and errors in relative dosimetry, as converted to uncertainties

in damage energy at the pertinent depths. The experimental errors seem to be

about the same as the error found in E~R. Therefore, within the data for N,'

a deviation from the proposed correlation was not resolved. Thus the corre-

lation would appear to have merit, applying as it does over a dose range of

100X and to such depths that the damage function has a value of only 1% of

its peak value.

For Cr the results differed considerably. Only for the one point avail-

able from the front side {Fig. 2) was ER (̂ 2.5 X lCf* ev/cm3) in good agreement

with the average for N+. The value from the backside for that curve was a

factor of ten lower, and thereafter the values were rather constant at a

factor of 100 lower than for N'.

E-DEP makes approximations in its construction of energy distribution

functions at given depths, and this raises questions about its accuracy at

the larger depths, particularly for a case such as Cr, where the implantation

profile differed from the calculated one (E-DEP) considerably. Analysis in

terms of TRIM damage profiles, however, yielded essentially the same results as

for E-DEP. For the TRIM calculation we represented the target as Ne of the

proper atomic density. Then E-DEP-1 was run for Ne, and the results were

highly consistent with those for SiC. If the TRIM and E-DEP damage profiles

are normalized to their peak values, then the difference in fofm is well

described as an offset of 0.015 to 0.02ym of the TRIM profile to larger
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depths, with attendant larger values of the damage function on the backside.

The absolute damage energies for TRIM are about 60% of those for E-DEP and

approximately half of this difference is due to the previously mentioned

corrections to E-DEP [10], which have not yet been applied to TRIM. The

overall result from TRIM is that the ER for the N implantations is

1.6 i 0.4 X 102" ev/cm3. Relative to this value, the ER's for Cr
+ behave

the same as for the E-DEP analysis, and are, if anything, even lower for

the five highest doses.

The curve for the lowest-dose N implant (Fig. 2) exhibits no pronounced

damage peak, but only a general elevation of the minimum yield in comparison

with the virgin sample. Curves for the next four N doses were analyzed as

follows. A linear dechanneling function, fitted to the minimum yield of the

virgin sample at the surface and, roughly, to the yield on the backside of

the damage profile where the yield approaches the minimum there, was assumed,

(see [il] for example). The resulting difference profles were normalized to

their peak values and the cu-ves zre shown in Fig. 3, together with the form

of the calculated profile for N , also fitted at the peak. The scaling factors

necessary to force the profiles together were approximately inversely propor-

tional to dose, particularly for the two limiting doses. We recognize the

limitations associated with our assumption of the dechanneling function.

Nevertheless, for N, the retention of form with increasing dose and the

scaling with dose both suggest that the damage builds up essentially

linearly until, at a rather well defined damage level, the material

appears randomized to incident He ions. The extrapolated ER derived from

this measurement is consistent with ER obtained in the previous analysis.
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By use of the modified Kinchin-Pease equation [12], with a threshold energy

for displacement of 25ev, we estimate that the displacements per atom (DPA)

corresponding to T R is 0.21. At approximately this damage level the material

appears randomized.

Swelling data are shown in Fig. 4 where step heights measured by the

profilometer are plotted versus total damage energy per unit area. This

latter quantity is the product of the damage energy per particle (Table I)

and the fluence. Between Cr and N this quantity does not scale precisely

with damage energy at the peak. The top scale of Fig. 5 is thus a compro-

mise scale which is in error by 10% for either Cr or N. Plotting the data

in this way seems to unify the swelling data rather well, particularly in the

mid-range. (The two points at lowest Cr doses either mean that swelling was

not detected or that the boundary was not found.) The proposed correlation

with total damage implies that the swelling does not correlate linearly with

the depths of randomization. These depths are considerably greater for CrT

at a given damage energy than they are for N . In addition most of the swell-

ing takes place above the range, 0.2 to 0.5 DPA, where the randomized depth is

expanding most rapidly. Further measurements have revealed that the appearance

of a step at ^3DPA may not be real. The correlation with damage between Cr*

and N still appears to hold. Thus the randomized state as detected by ion

channeling is not stable, but is undergoing continued evolution of structure

due to radiation damage, as is evidenced by these fairly dramatic swellings.

4. DISCUSSION

The constant energy criterion seems to apply for N+ and then carry

over reasonably well for the lowest dose of Cr+. At larger depths (doses)
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however, the effectiveness cf Cr+ in producing randomization is approxi-

mately 100X that for N , taking account of the damage energies of both.

Part of this effect might be attributed to the fact that neither TRIM,

nor E-DEP takes account of secondary-atom transport of damage energy.

Chromium, in contrast to N1", can eject C atoms at maximum energies such

that the range of the C atom exceeds the residual range of the CrT ion

considerably. The credibility of this explanation was tested by back-

calculating a profile for Cr which would place the Cr data in consonance

with the ER derived from the N data. There is a large uncertainty in

this calculation because of the error in our Cr'-data for low doses. The

spreading of the original profile due to secondary transport would have to

be fairly large to account for the inferred profile. The curve does not,

however, clearly violate simple constraints such as conservation of total

damage energy per Cr ion or maximum ranges of knocked-on N atoms. This

effect should be explored further by calculation and experiments at lower

Cr doses. It seems clear that the larger effectiveness of Cr^ is not

related to "spike" effects [13] associated with the higher nuclear stopping

of thr heavier Cr . This is because the increased effectiveness is mani-

fested most prominently at the larger depths where most of the ions are well

past their maxima in nuclear stopping. In fact, it was for the lowest-dcse

Cr+ implantation, where the analysis applied near the peak, that ER for Cr
1"

agreed best with that for N.

Possibly the explanation of these effects is related to differences in

dam age structures produced by the two ions. Recent studies of. implantation-

produced damage in Ge at room temperature show that very large swellings are

associated with columnar void structures that extend several thousand angstroms
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into the surface [14], It is interesting, regarding these points on structure,

that Cr' and iT have about the same effectiveness in producing swelling.

Our data for the low dose if implantations are in general agreement with

those of Hart, Dunlap and Marsh [153 in the same dose range. The concept

that linearity can persist up to so near the dose for saturation at the random-

ized level is, nevertheless, a point worth noting- If this is true, it indi-

cates that the onset of saturation at the randomized level corresponds to a

well-defined dose indeed. This implication is consistent with a constant

energy criterion, but the two should not be equated. The constant energy

criterion simply tests the question of whether or not a given amount of energy

produces a given amount of effect, regardless of the "route", i.e. dose depend-

ency, saturation law etc., by which the material arrived at that state. The

low dose N data suggest that the route is almost linear in dose until complete

saturation at the randomized level is observed.

We arz indebted to J. H. Barrett and 0. W. Holland for helpful discussions.

Further thanks are due to 0. E. Schow, 0. M. Moore, and B. C. Leslie for

assistance with the experiments. This research was sponsored by the Division

of Materials Science, U. S. Department of Energy under contract W-74D5-eng-26

with the Union Carbide Corporation.
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Table 1
Calculated

Quantity
RP
a

d

PD

D
Q

Parameters for Implantations

52 Cr+

260keV

0.135 ym

0.025 ym

0.081 ym

0.970 —

U'/u/ ym
0.139 MeV

14 if

62keV
0.117 ym

0.031 ym

0.080 ym

0.223 —
ym

0 136 MeV
ym

0.026 MeV

R., = Average Projected Range

a = Standard-Deviation of Rp

d = Depth of Damage Peak

PD = Damage Energy Density at Peak

S D = Damage Energy Density at Surface

Q = Total Damage Energy per Particle



Table 2
Depths of Randomization for N and

62 keV lkN
DOSE
(I/cm2)

8.1 X 101"

2.7 X 1C1S

8.1 X 101E

2.7 X 1016

8.1 X 1016

RANDOMIZATION
RANGE
(urn)

O.03 - 0.133

0.153

0.167

0.186

0.202

Cr Ions on SiC

280 keV 52Cr
DOSE
(I/cm2)

2.9 X TO1-

7.9 X iC1"

1.9 X 1O1S

5.4 X 1O1S

1.3 X 10 J $

3.1 X 1016

RANDOMIZATION
RANGE
(ym)

-vO.02 - 0.200

0.233

0.264

0.280

0.295

0.302



FIGURE CAPTIONS

Figure 1: He-ion scattering and ion channeling analyses for 2.0 MeV He

incident on 260keV Cr+-implanted and unimplanted SiC. Scattering

angle = 146°. The Si edge is at 1.2 MeV. The C edge is at 0.7 MeV.

Figure 2: Scattering yield versus depth of Si scatterers for several flu-

ences of 62keV N+-implanted SiC.

Figure 3: Damage profiles as extracted from ion channeling analyses for four

doses of N on SiC. The scattering yields have been adjusted so

that the points overlap at the peak. The form of a calculated

profile is also shown.

Figure 4: Step height between unimplanted and implanted areas of SiC versus

damage parameters for 62keV N+ and 260keV Cr+ implantations.
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