Diffusion behaviour of cesium in silicon carbide at T > 1000 °C
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Abstract.

Diffusion behaviour of ion implanted cesium into 6H-SiC and CVD-SiC wafers is inves-
tigated by Rutherford backscattering spectrometry (RBS) combined with a-particle channel-
ling and scanning electron microscopy (SEM). Implantations were done at room temperature,
350 °C and 600 °C. A strong temperature dependence of irradiation induced diffusion is ob-
served. Transport mechanisms were studied by isochronal and isothermal annealing methods
up to temperatures of 1500 °C. Cesium transport in irradiation damaged SiC is governed by
an impurity trapping mechanism of defect structures and is similar in single and polycrystal-
line SiC.
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1. Introduction

Fuel elements of modern high-temperature nuclear reactor (HTR) designs commonly
contain TRISO fuel particles, which consist of fuel kernels encapsulated by CVD-layers of
low and high density pyrolitic carbon and silicon carbide. In these fuel particles the silicon
carbide coating is the main barrier to limit fission product release into the primary cooling gas
circuit. Up to temperatures of about 1000 °C reached in formerly and currently operating gas
cooled reactors, release of fission products from fuel particles during their total resident time
in the core is fairly low [1]. To further enhance the efficiency of HTR’s, especially in view of
their possible use as a heat source for the hydrogen energy technology [2], some advanced de-
sign studies envisage operating temperatures significantly above 1000 °C. However, as little
information on diffusion behaviour of fission products through silicon carbide is available for
this temperature region, we are pursuing a systematic study of diffusion through silicon car-
bide of relevant elements. Up to now we have investigated the transport of silver [3, 4], io-
dine [4, 5] and strontium [6]. The aim of this study is to obtain information on transport
properties of cesium through silicon carbide at temperatures above 1000 °C and the influence
of radiation damage on it. The isotope ">'Cs is one of the most hazardous fission products and
is produced in relatively large quantities during nuclear burn-up. It is a B-emitter decaying to
*"Ba with a half-life of approximately 30 years, accompanied by energetic y-radiation. It also
is a major contaminant of radio-active fall-outs due to nuclear weapon tests or reactor acci-
dents and can enter the human body via the food chain, where its biological half-life is 140
days in muscular tissue and 70 days in other parts of the body.
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2. Experiment and Analysis

Hexagonal 6H-SiC from Intrinsic Semiconductors® and CVD-SiC from Valley Design
Corporation®, having a columnar structure of mainly 3C-SiC crystallites, were used in this
investigation. Cesium was implanted at 23 °C, 350 °C and 600 °C into the wafers with ener-
gy 0of 360 keV, a fluence of 10'® cm™ and a flux not exceeding 10" cm™s™. The implantation
temperature was measured at the target holder close to the sample. According to simulations
employing the TRIM-98 code [7] and assuming displacement energies of 35 eV for the sili-
con and 20 eV for the carbon atoms [8], the above fluence introduced maximum displacement
damage of ~ 30 dpa at a depth of 72 nm. The different implantation temperatures made it
possible to compare the evolution of transport processes in initially amorphous and crystalline
silicon carbide. Diffusion was determined from the broadening of the implantation profiles
after isochronal and isothermal annealing studies using RBS analysis. In the case of the sin-
gle crystalline samples these measurements were combined with the results of a-particle
channelling spectrometry to obtain defect density profiles as a function of implantation and
annealing temperatures. Structural information on the samples before and after annealing was
obtained by scanning electron microscopy. A detailed description of the experimental tech-
niques used is given elsewhere [5].

To investigate the diffusion behaviour isochronal and isothermal annealing studies were
performed. Fick’s diffusion equation for the dilute limit leads to a particularly simple solution
if the original profile at time #, = 0 can be described by a Gaussian distribution [9]. In that
case the concentration profile after annealing for a time ¢ stays a normal distribution in an in-
finite medium and is given by

C(x,t) =K [r D ]2 exp(-x*/4Dt).

In this equation K is an adjustable constant, while the position of the maximum concentration
is unchanged at x = (. Defining the profile width W) as the full width at half maximum
(FWHM), the following relationship between the final and original widths holds:

[W()]* = 4Dt In(2) + [W(0)]~

Hence, the diffusion coefficient D is directly obtained from the slope of a plot of /W(2)]’ ver-
sus annealing time at constant temperature.

The as-implanted depth profiles at room and high temperatures display approximately a
normal distribution. However, an increasing asymmetry is observed after high-temperature
annealing when the diffusing atoms reach the surface. In order to exclude this surface effect
from the analysis only data for depths of d > 60 nm are fitted to a Gaussian function. This ex-
clusion also insures that the result is mainly determined by diffusion in the less damaged tail
region of the distribution. As the shapes of the implantation profiles are nearly Gaussian in the
peak region, this additional approximation should still allow an analysis in terms of the proce-
dure discussed above without introducing too large uncertainties. Widths were obtained by
applying the general fitting procedure of the GENPLOT code [10] to the Cs-peak of the RBS-
spectra, which had been converted to a depth scale [5].



Results and Discussion

Fig. 1A shows the as-implanted RBS-channelling spectra of the cold and hot implants.
The surface region of the cold implant is up to a depth of about190 nm totally amorphous,
which only partly re-grows epitaxially from the bulk during annealing as illustrated in Fig.1B,
while the remainder re-crystallizes into a finely grained polycrystalline phase. The implant at
350 °C exhibits a highly disordered buried layer from 25 to 180 nm below the surface, which,
however, is not yet fully amorphous, as the single crystal lattice is restored after annealing.
Apparently this temperature is just above the critical value for amorphization, which is signif-
icantly higher than observed for most other implantation species [11]. At an implantation
temperature of 600 °C the crystal structure is retained, albeit with a high degree of distortions.

The cesium depth distributions at room temperature and at 600 °C are depicted in Fig 2 to-
gether with those of strontium [6] and iodine [5]. The broadening of the cesium profile at the
higher implantation temperature of nearly 40% reveals an abnormally strong temperature de-
pendence of irradiation induced diffusion. Less than 15% broadening is observed for the oth-
er two ion species. As iodine is almost as heavy as cesium, this dependence seems not to be
directly related to the ion mass. Also shown are TRIM-98 simulations, which agree reasona-
bly well as far as the projected ranges are concerned, but predict much smaller c-values. In
view of the many approximations made in this code, especially the neglect of thermal effects,
this is not surprising.

Fig. 3 show isochronal annealing curves for the single and polycrystalline wafers. The as-
implanted width of the 350 °C implantation is similar to that at room temperature in 6H-SiC,
while it is more like the 600 °C implantation in CVD-SiC. It also appears that at 600 °C the
width in the single crystalline sample is broadened more than in polycrystalline SiC, indicat-
ing that cesium might be more diffusive in the former material during implantation. Howev-
er, in view of the relative large experimental uncertainties a definite conclusion cannot be
drawn. In both samples the widths of the room temperature implants increase during the first
annealing cycle due to diffusion in the initially amorphous surface regions. This does not oc-
cur in the samples implanted at 600 °C, where the basic crystal structure is retained. In the
case of the 350 °C implants an increase of the width of the ion distribution is clearly observed
in 6H-SiC, while this is not so obvious in CVD-SiC. Further width broadening occurs in all
samples only at temperatures above 1200 °C. Within experimental errors, very little differ-
ence is observed for the six samples, although a slight tendency of less diffusion at higher im-
plantation temperatures might be concluded from the 6H-SiC measurements. The retained ce-
sium during isochronal annealing is depicted in Fig. 4. No loss occurs in both samples im-
planted at 600 °C, while approximately 50% is lost during the first annealing cycle in the
samples implanted at room temperature. Obviously cesium diffuses relatively fast through the
amorphous region towards the surface, where it evaporates into the vacuum. No further diffu-
sion occurs after this first cycle, as the amorphous region recrystallizes simultaneously. A
different behaviour is again observed for the 350 °C samples. The cesium loss in the single
crystalline sample is similar to the cold implant, while only about 25% is lost from the poly-
crystalline sample. This, together with the results presented in Fig. 3 seems to indicate, that
the degree of amorphization is less in the latter sample. However, whether this is due to the
polycrystalline character cannot be decided with certainty from the results. From Fig. 1 it
seems that the characteristic temperature for amorphization is near 350 °C for Cs implanta-
tion, which is higher than expected from a semi-empirical model [12, 13] but would be in ac-
cordance with values obtained for Ga and Sb ions implanted at similar energies [14,15]. At



this temperature the ion flux, which has not been closely monitored during implantation, can
have a decisive influence on the degree of amorphization. The SEM-images displayed in Fig.
5 of these two samples after 5 hours annealing at 1100 °C prove that the CVD-wafer has still
the original polycrystalline structure, while a finely grained structure is observed on the single
crystalline wafer, which is typical for the early stages of re-crystallization of an amorphous
surface region. During further annealing this feature disappears, indicating that sufficient in-
formation of the original crystal structure is still available for epitaxial re-growth.

Fig. 6 depicts isothermal annealing curves of the 6H-SiC wafers at 1200 °C, 1300 °C and
1400 °C. Similar curves are obtained with the CVD-SiC samples. The cold implants show
the expected strong initial annealing before re-crystallization, but no further diffusion during
subsequent annealing cycles. No diffusion at all, not even during the first cycle, is observed
in the hot implants, which might be associated with the observed strong diffusion during im-
plantation. Diffusion coefficients are obviously in all cases below our detection limit of 107!
m’ s”. This observation, which seems to be inconsistent with the relatively strong diffusion
above 1200 °C during isochronal annealing, points to a trapping mechanism of impurities by
defect structures. Diffusion processes are only taking place during periods of defect anneal-
ing and stop as soon as defect restructuring is coming to an end. Cesium atoms bound to de-
fect complexes are released during their annihilation or restructuring, but are again captured
after some time by more stable defects. During isochronal annealing that can happen after
each cycle at a higher temperature, while during isothermal annealing it could only occur dur-
ing the first cycle. A similar situation was also observed for the diffusion behaviour of stron-
tium [6]. The retention of cesium during isothermal annealing displayed in Fig. 7 is the same
as observed during isochronal annealing. No cesium loss from the hot implants and about
50% loss from the room temperature ones are found, while the samples implanted at 350 °C
again report different losses of 50% and 25% from the 6H-SiC and CVD-SiC wafers respec-
tively.

3. Conclusions.

An abnormally strong temperature dependence of irradiation induced diffusion is ob-
served during cesium implantation compared with those of other ion species. This cannot eas-
ily be explained by an ion mass effect, as significantly less temperature dependence is ob-
served for iodine, which is almost as heavy as cesium. Diffusion of cesium starts approxi-
mately at 1200 °C during isochronal annealing and is very similar in single and polycrystal-
line wafers up to temperatures of 1500 °C. However, isothermal annealing in this temperature
range does not show any diffusion after prolonged heat treatment. This seemingly contradic-
tory observation indicates that cesium transport in irradiation damaged SiC is governed by an
impurity trapping mechanism, leading to negligible diffusion at constant temperatures up to at
least 1400 °C. Our isochronal annealing results agree with those of Ref. [16], who observed
that cesium diffusion after room temperature implantation started above 1150 °C.
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Figure Captions

Fig. 1: RBS-channelling spectra of Cs-implants at different temperatures before (A) and af-
ter 10 hours annealing at 1200 °C (B).

Fig. 2: Depth profiles of strontium [6] (A), and iodine [5] (B) implanted at room tempera-
ture (X) and 600 °C (O) compared with those of cesium (C). The four distribution moments
for the cold and hot implantations are given in each figure. Also shown are TRIM-98 simu-
lations [7].

Fig. 3: Isochronal annealing curves for 6H-SiC (A) and CVD-SiC (B) at room temperature
(0), 350 °C (X) and 600 °C (A).

Fig. 4: Retained cesium after 5 hours isochronal annealing of 6H-SiC (A) and CVD-SiC (B)
implanted at room temperature (O), 350 °C (X) and 600 °C (A).

Fig. 5: SEM images of 6H-SiC (Top) and CVD-SiC (Bottom) implanted at 350 °C after 5
hours annealing at 1100 °C. The straight lines are polishing marks.

Fig. 6: Isothermal annealing curves of cold (A) and hot (B) implanted 6H-SiC at 1200 °C,
1300 °C and 1400 °C.

Fig. 7: Retained cesium in 6H-SiC (A) and CVD-SiC (B) implanted at room temperature
(0), 350 °C (X) and 600 °C (A) after isothermal annealing at 1300 °C.
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