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Abstract

Single-crystal (001) B-SiC (3C) films have been irradiated with 360 keV Ar2" ions at 175, 310 and 375 K and the
damage accumulation after each incremental fluence has been measured in situ by Rutherford backscattering spectroscopy in
channeling geometry (RBS/C) adong the [011] direction using the dual beam facilities within the lon Beam Materials
Laboratory at Los Alamos National Laboratory. The relative rate of disordering along [011] decreases with increasing
temperature. The critical dose for the relative disorder to reach the random level aong [011] is 0.35 dpa (17.5 eV /atom),
0.44 dpa (22.0 eV /atom) and 0.61 dpa (30.5 eV /atom) at 175, 310 and 375 K, respectively. The sigmoidal increase in
relative disorder with dose is consistent with defect accumulation processes. Although RBS/C along [011] indicates a fully
random layer at the highest dose for each temperature, ex situ RBS/C and XTEM dong [001] indicate some residual
crystallinity remains near the surface and the end of range. © 1998 Elsevier Science B.V.

PACS 61.80.— x; 61.80.Jh; 61.80.Lj; 61.82.— d

1. Introduction

Silicon carbide (SiC) has outstanding physical and nu-
clear properties that make it an important technological
material for electronic devices and nuclear applications. A
fundamental understanding of irradiation effects in SiC is
required to effectively utilize ion-implantation techniques
in device fabrication and to predict performance in nuclear
environments. Cubic B-SiC (3C polytype) is one of the
SiC polymorphs of interest for these applications. lon-
beam-induced amorphization in B-SiC has been studied by
Rutherford backscattering spectroscopy in channeling ge-
ometry (RBS/C) [1-3] and cross-sectional transmission
electron microscopy (XTEM) [2-5]. For irradiation at low
temperatures, damage annealing may occur prior to (or
during) transfer, preparation and characterization at room
temperature. In situ electron microscopy techniques have
been used to study the temperature dependence of amor-
phization under 1.5 MeV Xe™" irradiation in polycrys
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talline B-SiC [6] and under 2 MeV electron irradiation in
single crystal B-SiC thin films [7]; however, quantitative
details of the damage accumulation as a function of cumu-
lative dose are not easily determined by these experiments.
Recently, in situ RBS/C techniques have been used in the
study of amorphization in single crysta «-SIC wafers
[8,9]. In the present paper, these in situ RBS/C methods
are used to measure the dose and temperature dependence
of damage accumulation in single-crystal B-SiC thin films
irradiated with 360 keV Ar?* ions. Some preliminary
results have been previously reported [10].

2. Experimental procedures

The n-type (001) B-SIC (3C polytype) single-crystal
films (5 wm thick) were grown on Si substrates and
obtained from Cree Research. The quality of these filmsis
illustrated by the high-resolution XTEM image in Fig. 1,
which shows the atomic structure at the B-SIC/Si inter-
face. The irradiation experiments at 175, 310 and 375 K
were carried out with 360 keV Ar?* ions at a flux of
2% 10% ion/cm? s using the dual-beam facilities within
the lon Beam Materials Laboratory at Los Alamos Na-
tional Laboratory [11,12]. The two beamlines for the ion
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irradiation and the RBS/C analysis are at a relative angle
of 60°, which reguired that both the ion irradiations and the
RBS/C measurements be carried out at fairly large angles
off the surface normal. The single crystal specimens were
oriented such that the irradiation with 360 keV Ar2* ions
(10 mm beam spot size) were performed at ~ 15° off the
[001] axis. An in situ RBS/C anaysis was obtained on
each virgin specimen at the irradiation temperature and
after each incrementa ion dose, using a 2 MeV He* ion
beam (2 mm spot size) incident along the [011] channeling
direction and a backscattering angle of 165°. Along [011]
in these specimens, the measured values of x,,,, (i.e. ratio
of the backscattering yield in the virgin spectrum to the
yield in the random spectrum, just below the surface peak)
were 0.010, 0.012 and 0.015 at 175, 310 and 375 K,
respectively. Although the [011] orientation is not the
optimum direction for determining the dose and depth
dependence of amorphization in B-SiC by channeling [2],
it was necessary in this study given the constraints of the
experimental geometry. The irradiations at each tempera-
ture were continued until the aligned backscattering yield
in the RBS/C spectra reached the random level over the
entire irradiated depth, from the surface to the end of
range.

After completion of the in situ study, post-irradiation
(ex situ) RBS/C aong [001] was also carried out on each
sample specimen, since this direction provides a more
accurate profile of the damage accumulation [2]. In these
specimens, the measured value of x,,, aong [001] was
0.016 at room temperature. The irradiated specimens were
also analyzed by XTEM at the High-Resolution Analytical
Electron Microscopy Laboratory (University of New Mex-
ico) using a JEOL 2010 microscope operated at 200 kV.
The XTEM specimens were prepared by gluing a Si wafer
to the surface of the irradiated crystal films, cutting cross-
sections of the samples (perpendicular to the irradiated
surface), and using a tripod polishing technique to thin the
specimens prior to ion milling.

The depth distribution of atomic displacements pro-
duced per ion under the irradiation conditions for both the

Fig. 1. High resolution XTEM image at B-SIC/Si interface of
starting samples.
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Fig. 2. Damage distributions in B-SiC irradiated to incremental
fluences with 360 keV Ar?* ions at 15° incident angle and with 2
MeV He™ ions at 45° incident angle (calculated using TRIM-96).

360 keV Ar2* jonsand 2 MeV He' ions was determined
from full cascade Monte Carlo calculations using TRIM-96
[13] and assuming a displacement energy of 25 eV for both
Si and C. The calculated distribution of displaced atomsin
B-SiC under the irradiation conditions employed are shown
in Fig. 2 for the smallest incremental fluence of 360 keV
Ar2* jons and for atypical incremental fluence for each 2
MeV He" (RBS/C) anadysis. Each RBS/C spectra con-
tributed 2 x 10~ 2 dpa to the total incremental dose from
the 360 keV Ar2* ions at depths less than 400 nm. Since
the 2 MeV He* probe contributes dlightly to the overall
cumulative damage produced by the 360 keV Ar?™ ions
during the in situ experiments, the total dose reported
below, in units of displacements per atom (dpa), includes
the contribution from the RBS/C He* beam. (Note: a
previous study of B-SiC by the authors [6] used TRIM-95,
which underestimated the displacements produced as a
result of an error in the calculation of the stopping powers
for SIC.)

3. Results and discussion
3.1. In situ RBS/ C along [011]

The irradiation sequence involved irradiating the se-
lected area with an incremental fluence of 360 keV Ar?*
ions followed by an RBS/C anaysis. The irradiation
sequence at 175 K included 13 irradiation steps and 14
RBS/C spectra. At 310 K, 19 irradiation steps and 20
spectra were taken, while at 375 K, 18 irradiation steps
and 19 spectra were taken. Several of the sequential
RBS/C spectra taken during irradiation at 175, 310 and
375 K are shown in Figs. 3-5, respectively, as a function
of ion fluence. Also shown for each specimen are the
unirradiated (virgin) aigned spectrum and a random spec-
trum, which is obtained by rocking the incident He beam a
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Fig. 3. Several of the aligned backscattering spectra obtained in
situ along [011] from B-SiC irradiated sequentially with 360 keV
Ar?* jons at 175 K. Also shown are virgin and random spectra.
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Fig. 4. Several of the aligned backscattering spectra obtained in
situ along [011] from B-SiC irradiated sequentially with 360 keV
Ar2* jons at 310 K. Also shown are virgin and random spectra.
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Fig. 5. Several of the aligned backscattering spectra obtained in
situ along [011] from B-SiC irradiated sequentially with 360 keV
Ar2* jons at 375 K. Also shown are virgin and random spectra.
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few degrees off the channeling direction. The increase in
the backscattering yield from the Si atoms provides a
profile of the distribution of displaced Si atoms on the Si
sublattice. At 175 K, the aligned backscattering yield from
the Si reaches the random level a a fluence of 3.0 Ar2*
ions/nm?. The fluence at which the aligned backscattering
yield from Si first reaches the random level increases with
temperature to 4.0 and 6.0 Ar?* ions/nm? for the irradia-
tions at 310 and 375 K, respectively. Much higher fluences
(nearly afactor of two) are required for the surface regions
to reach the random level. At the higher fluences for each
temperature, the backscattering yield from the C atoms
also noticeably increases and is consistent with a random
distribution at the highest fluences. (Thereis no discernible
loss of C in the near-surface spectra) At intermediate
fluences where the peak in the backscattering yield is near
or a the random level, a small peak in the backscattering
yield was observed just below the surface (e.g. at 3.0
ions/nm? in Fig. 3, 6.0 ions/nm? in Fig. 5). This pesk is
similar to that reported by Edmond et al. in 3-SiC [1,2], by
Weber et d. in «-SiC [9] and by Holland et al. in Si [14]
and is evidence for misalignment of the residua crystalline
material in front of the buried amorphous layer with
respect to the aligned crystalline substrate beyond the
amorphous layer. This misalignment is the result of the
large volume change (17%) associated with amorphization
in B-SiC [4].

Based on the approximately linear relationship between
the energy of the backscattered He* ions and depth [15]
(corrected for the incident angle and assuming a constant
specimen density in the damage layer), a profile of the
backscattering yield from the Si atoms for each RBS/C
spectra has been obtained as a function of depth normal to
the surface, which is referenced to the density of the
undamaged state of crystalline SIC. (The actual depth
profile at each fluence will depend on the specimen den-
sity profile in the irradiated layer, which is not easily
determined.) The relative Si disorder as a function of depth
has been determined from the depth profiles of the
backscattering yields of aligned and random spectra, along
the [011] direction, using the procedure described by Hol-
land et a. [16]. The depth distributions of the relative Si
disorder for several ion fluences at 175, 310 and 375 K are
shown in Figs. 6-8, respectively. The relative disorder in
the damage layer increases with ion fluence at all tempera-
tures and becomes coincident with the fully disordered or
random level (i.e. relative disorder = 1.0) at a depth corre-
sponding to the peak in the ion-damage profile. As the ion
fluence increases further, the width of the fully disordered
region increases and eventually consumes the entire irradi-
ated layer. As discussed by Edmond et al. [2], reaching the
random level for channeling along the [011] direction in
B-SiC may not correspond to achieving a fully amorphous
state. An anomalous peak in the relative disorder, due to
misalignment of the near surface crystalline materid, is
observed at a depth of about 40 nm once the peak in the
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Fig. 6. Profiles of the relative Si disorder along [011] as a function
of depth (referenced to undamaged crystalline state) in -SiC
irradiated at 175 K.
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Fig. 7. Profiles of the relative Si disorder along [011] as a function
of depth (referenced to undamaged crystalline state) in B-SiC
irradiated at 310 K.
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Fig. 8. Profiles of the relative Si disorder along [011] as a function
of depth (referenced to undamaged crystalline state) in B-SiC
irradiated at 375 K.
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Fig. 9. Relative Si disorder, determined at the peak in the damage
profile, as a function of displacement dose for B-SiC irradiated at
175, 310 and 375 K. (Solid curves are polynomia smooth fits to
data, while the dashed curves are fits of the double-overlap model
[18], Eq. (D), to the data.)

depth profile of the relative disorder reaches 1.0 (the
random level), as illustrated by the depth profile for 3.0
ions/nm? at 175 K (Fig. 6), 5.0 ions/nm? at 310 K (Fig.
7) and 6.0 ions/nm? at 375 K (Fig. 8). This near-surface
peak was excluded in the curve fitting analysis.

3.2. Temperature dependence of damage accumulation

The ingrowth of the relative Si disorder at both the
surface and the depth corresponding to the pesk in the
damage profile have been determined for each spectrum.
When compared on a basis of the calculated displaced
atom dose (dpa), the relative disorder along [011] at the
surface and at the depth of peak damage (175 nm) exhib-
ited a similar dependence on dose at each temperature, as
described previously [10], suggesting a minimal effect of
the surface on the disordering process as observed along
[011]. The relative Si disorder at the peak in the damage
profile is shown in Fig. 9 as a function of displacement
dose, at the damage peak, for each irradiation temperature.
The solid curves are smooth fits to the data. The relative
disorder at all temperatures exhibits a sigmoidal-like de-
pendence on dose that suggests a defect accumulation
process, which is consistent with high-resolution transmis-
sion electron microscopy observations of the amorphiza-
tion process in B-SIC [6] and with MD simulations of
energetic cascades in B-SiC [17]. As the temperature in-
creases, the rate of disordering decreases. This behavior
may be due to increasing defect interactions, recovery
and/or migration with increasing temperature.

It has been previously shown [9] that the relative Si
disorder in o-SiC irradiated with 360 keV Ar?" ions at
170 K follows the double-cascade overlap model for amor-
phization [18], which is given by the expression

f,=1— [(1+ BD + B2D?/2)exp(—BD)], (D)
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where f, is the amorphous fraction, B is related to the
effective damage volume per ion and D is the dose. The
results in Fig. 9 do not closely follow this model, as
illustrated by the nonlinear regression fits of the model
(dashed curves) to the data. In particular, as the relative Si
disorder approaches the random level, the measured disor-
der along [011] is larger than that predicted by the model.
This difference may be partially due to the orientation
effect observed by Edmond et al. [2] in B-SIC, and dis-
cussed below, which suggests that near the random level
the relative Si disorder measured along [011] in B-SIC
overestimates the amorphous fraction. The effect of accu-
mulated damage on this difference has not yet been re-
ported. The values of B determined from the fits of the
double overlap model to the data are 22.5, 15.1 and 11.3
dpa~?!, respectively. The decrease in B suggests a de-
crease in the effective damage volume (defect concentra-
tion) with increasing temperature.

From the results in Fig. 9, the critical dose for the
relative disorder to reach the random level, as measured
along the [011] direction, is estimated to be 0.35 dpa (17.5
eV /atom), 0.44 dpa (22.0 eV /atom) and 0.61 dpa (30.5
eV /atom) at 175, 310 and 375 K, respectively. These
values are within 10% of the critical amorphization dose
values expected in B-SiC at these temperatures, based on
the results of Edmond et al. [2] and Weber and Wang [6],
as illustrated in Fig. 10. (The dose calculation for the
results of Weber and Wang [6] have been corrected using
TRIM-96.)

3.3. Ex situ RBS/ C along [001]

After completion of the in situ study, the irradiated
specimens were analyzed (ex situ) by RBS/C at room
temperature along the [001] direction for comparison to the
results obtained from the RBS,/C along [011] at the high-
est ion fluence for each specimen (temperature). Virgin
and random spectra along [001] were also taken. Based on
the results of Edmond et al. [2], the [001] direction should
yield a more accurate depth profile of the damage accumu-
lation. Using the same procedure as above, the depth
profile of the relative Si disorder was determined from the
aligned and random spectra for each specimen. The results,
which are shown in Fig. 11, indicate that along [001] the
fully random level is not achieved in the near surface
region and at the end of range, which is contrary to the
results along [011] but in general agreement with the
results of Edmond et al. [2]. This behavior is illustrated
more clearly in Fig. 12, which compares the depth profiles
measured aong [001] and [011] in the specimen irradiated
at 175 K to 8 ions/nm?.

3.4. XTEM results

Post-irradiation XTEM was performed on the speci-
mens studied in situ with RBS/C; consequently, the im-
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Fig. 10. Temperature dependence of the critical dose to amorphize
B-SiC for 360 keV Ar?* (this study), for 1.5 MeV Xe™ [6] (dose
corrected using TRIM-96) and for 2 MeV electrons [7].
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Fig. 11. Post-irradiation profiles of the relative Si disorder along
[001] as a function of depth (referenced to undamaged crystalline
state) in B-SiC irradiated at 175, 310 and 375 K.
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Fig. 13. XTEM images of specimens irradiated with 360 keV Ar?* to (a) 8 ions/nm? at 175 K, (b) 10 ions/nm? at 310 K and (c) 20

ions/nm? at 375 K.

ages correspond to the maximum dose where the RBS/C
results along [011] suggest a fully disordered state from the
surface to the end of range. XTEM micrographs, parallel
to [001], of the specimensirradiated at 175, 310 and 375 K
are shown in Fig. 13. The damage layers at this magnifica-
tion appear amorphous. However, HRTEM indicates that
some residual crystallinity is retained at the highest doses
in regions near the surface, as illustrated in Fig. 14 for the
specimen irradiated at 175 K to 8.0 ions/nm?. This behav-
ior is consistent with the above RBS/C results along [001]
and with the observations of Edmond et al. [2]. Following
a procedure described previously [9], the average volume
expansion due to radiation-induced disorder has been esti-
mated from the thickness of the damage layer (referenced
to the undamaged state) determined from the RBS/C data
and the layer thickness measured by XTEM. The average

Surface Region

volume expansion at 175 K is estimated to be 20%, which
is in reasonably good agreement with the volume change
due to amorphization that has been reported for a-SiC
[4,9,19].

4, Summary

In situ RBS/C techniques have been used to study the
accumulation of ion-beam-induced damage in 3-SiC along
the [011] direction. The relative disorder along [011], as
measured by RBS/C, increases sigmoidally with dose,
consistent with disordering occurring by the local accumu-
lation of defects and the rate of disordering decreases with
temperature due to defect recovery processes. The critical
doses for the relative disorder to reach the random level

- Damage Peak Region.
-~ {(~200/nm depth):

Fig. 14. High-resolution XTEM image of (a) the surface region and (b) the peak damage region in the specimen irradiated with 360 keV

Ar2* to 8 ions/nm? at 175 K.
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along [011] are estimated to be 0.35 dpa (17.5 eV /atom)
and 0.61 dpa (~ 30.5 eV /atom) at temperatures of 175
and 375 K, respectively. These measured critical doses to
reach the random level along the [011] direction are within
10% of projected values for amorphization. Although
RBS/C aong [011] indicates a fully random layer at the
highest dose for each temperature, ex situ RBS/C and
XTEM along [001] indicate some residual crystallinity
remains near the surface and the end of range. The average
volume expansion due to the disordering at 175 K is
estimated to be 20%.
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