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A strong influence of ion implantation flux on the accumulation of radiation damage, the so-called
dose rate effect, is observed and systematically studied in SiC. 100 kel were implanted

into bulk 4H-SiC wafers using different ion fluxes (X0'%-4.9x 10*%ions/cnt s) and keeping

the implantation dose constant ak80Si*/cnm?. The implants were performed both at room and
elevated temperatures, up to 220 °C. Rutherford backscattering spectrometry in the channelling
mode using 2 MeV Hé ions was employed to measure ion implantation damage profiles in the
samples. For the flux interval used the most, pronounced dynamic annealing effect was detected at
80-160 °C, having an activation energy of 1.3 eV. For example, at 100 °C the amount of disordered
Si atoms at the projected ion range is reduced by a factor of 4 by decreasing the ion flux from
4.9x 10" to 1.9x 10%ions/cnt s. The results are discussed in terms of migration and annihilation

of intrinsic type defects for both the Si- and C-sublattices. In addition, two regions for the damage
accumulation — at the surface and at the damage peak for 100 KeWwB$ — are observed.

© 2003 American Institute of Physic§DOI: 10.1063/1.1622797

I. INTRODUCTION since the late 1960s that the accumulation of radiation dam-
age in semiconductors may be very sensitive to how fast the
lon implantation is a key technology to fabricate inte- implantation dose is collectedThe phenomenon is often
grated electronic devices and, in particular, it is probably thgeferred to as the dose rate effédynamic annealingin the
only accessible tool to locally dope SiC since in-diffusion jiterature and has been reported to play an important role in
doping techniques require very high temperaturesseveral semiconductors, e.g., in Si, &amd more recently in
=1800 °C, for most doping elements. However, the implanGaAs®® InP, and GaN® Surprisingly, quite little has been
tation process produces radiation defects, which have to b@ported on the dose rate effect in SiC in literature taking
removed during dopant activation anneals. The understangnto account severe problems linked to manifestations of im-
ing of radiation defect annealing mechanisms in SiC is noplantation defects in SiC applications. Very recently, new
mature, partly because of the complexity of the initial radia-measurements of radiation damage evolution in ion im-
tion damage that is a strong function of the implantationplanted SiC have been reported by Ohno and Ametayal
parameters. Most of the efforts to understand the nature afhanget all® also as a as a function of flux/substrate tem-
radiation effects in SiC have been devoted, so far, to invesperatures. These observations are consistent with a point
tigate the accumulation of radiation damage as a function oftated by Wendleet al! that the instantaneous defect con-
ion implantation energy, dose, and substrate temperature. centration and the resulting damage might naturally depend
There is, however, one parameter that has not been investn the flux conditions in ion implanted SiC too. Indeed, the
gated in detail, namely, the ion flux or dose rate. It is knowndynamic defect concentration during irradiation depends on a
balance between defect generation and annihilation rates. For
aAuthor to whom all correspondence should be addressed; electronic maigx@mple, if the ion flux is low enough, defects will annihilate
kuznet@imit.kth.se and andrej.kuznetsov@fys.uio.no at a faster rate than they are generated and the accumulated
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defect density may never reach the critical value for amor{ 5, v, sxiovsiem

phization. The substrate temperature plays an obvious rol|T=1e’c g‘@ St ] eoo a 410
here since the defect annihilation process is thermally actif—v" ¢ ¢

vated. Generally speaking it is possible to find a dose-rat |

interval corresponding to a temperature interval where a tra
sition between high and low damage accumulation take
place. There is, however, a practical consideration if very
high rates are accessible and/or very low rates are feasible
reach a desired dose within a reasonable time. In the prese
work we report on a strong influence of the ion implantation
flux on the accumulation of radiation damage in 4H-SiC at
temperatures between 80 and 160 °C, extract the activatio
energy for the dynamic annealing, and discuss the nature (
this process. '
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The samples used are Cree 4H-Si@pe bulk wafers [ eV, 5x10"Som Tz000 b
with a resistivity of 0.015Qcm grown 8°-off the(0001) T=160°C
direction. 100 keV Si ions were implanted in a normal di-
rection using different ion fluxes of 1:010'°-4.9
X 10"3ions/cnt s and keeping the implantation dose constant,
at 5x10"Si*/cn?. The incident beam, scanned over anf;
area of ~30x30 mnf, was transmitted through a X0 - =
mn? aperture to ensure the implantation uniformity. The ion Channel number
flux was varied by changing the intensity of the unscanned o 4.9x10%cm?s™ T
beam. The precision of the flux control was around a few 2.3x10" Ed:lﬂ_,_w‘_»wqtqj 5‘%
percent(except for the lowest flux where the uncertainty was| 1.9x10" cﬁ?ﬂ” e - 0.2
+50%). The implants were performed both at room and el-
evated temperatures, up to 220 °C. The substrate temperatu~ . . T - T S 0
was controlled within an accuracy af5 °C. After implanta- 150 200 250
tion the samples were analyzed by Rutherford backscatterin, Channel number
spectrometry in the channelling modRBS/Q along the FIG. 1. Relative damage in silicon sublattice vs channel profiles of samples
(0007) direction using 2.0 MeV He ions, backscattered into implanted using different ion fluxgéind symbols in the diagramat 100 °C
detectors at 100° and 170° with respect to the incident bearta and 160 °Qb). The inserts represent raw RBS/C spectra of the samples.
direction. Glancing(100°) and backscatteringl70°) detec- Solid lines rep_resent yjrgin spectra. R_andom normalized yield reaches
tors are normally used to reach higher depth and mass I,esa_ZOOO count/s in the silicon part of the insé¢gpectrum not shown
lution, respectively. A charge of 6QC was normally accu-
mulated at the target for each RBS/C spectrum. Dechanneled ) )
fractions[ yr(x)] have been evaluated in all samples in aC_sgmpIe is reduced by a factor of 4 relqtlve to that for the
cordance with the formalism by EisBrand the relative dam- Nighest flux sample where the RBS/C yield almost reached
age (N/Ny) has been calculated using a standard iteratioin® random leve(in the range of~2000 counts in the insets
procedureN/No=[ x(X) — xr(X)/1— xr(X)], where x(x) is pf Fig. 1)., ie., tr_]e sample is close to amorphlgatlon. The
a normalized backscattering yield in a channeling direction. integral disorder in samples implanted at 160 °C is, however,
lower when compared to that in the samples implanted at

100°C for the corresponding fluxes. The comparison be-
tween Figs. (& and Xb) shows that the difference in the
Figure 1 shows examples of the relative damage versuaccumulation of the implantation damage using low- and
channel number of samples implanted using different iorhigh-flux conditions is much less pronounced for the im-
fluxes at 100 °Ga) and 160 °Ab). Insets in Fig. 1 show also plants performed at 160 °C. It suggests that even the highest
raw RBS/C spectra as collected by the glancing detector. Alflux used at 160 °C, specifically 4Q103Si*/cn? s where
spectra in the insets have two typical signatures that are réhe implantation takes just about 10 s, is too low to effi-
lated to carbon and silicon damage profiles starting at charciently compete with the rate of defect annihilation. Similar
nels 150 and 275, respectively. For clarity, only the silicontrends for the accumulation of the radiation damage as a
part of the spectr@&recalculated into relative damags pre-  function of temperature and dose-rate have been measured at
sented in the main part of Fig. 1. It is clearly seen from Fig.120 and 140 °C. In contrast, measurements performed on the
1 that the relative damage gradually increases with increasamples implanted at 80 °C reveal that the “high-damage-
ing ion flux for both the 100 and 160 °C implants and theconditions” are reached already at the flux of 2.3
effect is very pronounced. Specifically for the 100°C im- X 10*3Si*/cn?s and the damage produced by the lowest
plants, the amount of displaced Si atoms in the lowest fluxXlux (1.9x 10°Si*/cn? s) is significantly higher than that at
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100 °C. These results are consistent with the data reported mnG. 3. Arrhenius plot for the ion flux vs the critical transition temperature
Refs. 9 and 10 and confirm that the dynamic annealing dur¥. as extracted from the fitting to the experimental data in Fig. 2.
ing ion implantation into SiC is thermally activated and takes
place in a way similar to that for other semiconductbréit
is important to emphasize that the observed phenomenon is In principle, several different defects and their various
due to “dynamic” defect annihilation during ion implanta- annealing routes may be considered to be responsible for the
tion. A control experiment, where a sample implanted atdose rate effect in SiC in the studied temperature range, 25—
120 °C using the flux of 2.8 10'3Si*/cn? s (i.e., exposed to 200 °C. However, combining literature data and the present
the ion beam for about 23 svas post annealed for 10 h at results the following scenario for a microscopic mechanism
120 °C, did not reveal any measurable difference between theausing dynamic annealing during ion implantation may be
damaged profiles before and after annealing. The duration gfroposed. During ion bombardment all possible kinds of el-
the post-anneal was chosen to be comparable with the expementary intrinsic defects, SiC;, V¢, andVg;, where in-
sure time used for the lowest flux implant. dexi denotes interstitials and denotes vacancies, and com-
The crystalline disorder after all implants has been repbinations thereof are formed. Recent results of electron
resented by the relative height of each damage profile at thearamagnetic resonance measurements show thatnCa
depth corresponding to the projected range of 100 kéV Si split interstitial configuration, anneals out in the temperature
ions (main damage peakThe damage yield¥, are shown range of 150-200 °GRefs. 13 and 14and computational
in Fig. 2 versus substrate temperature and it can be seen thatperiment within the framework of density functional
a similar characteristic shape of a crystalline—to—amorphoutheory using local density approximation performed by
transition is observed for all the dose rates. In accordancBockstedteet all® yield a reaction barrier of-1.4 eV for the
with the formalism from Ref. 12, the transition is fitted by a annihilation of G in a neutral charge state (€V— ).
simple inverse exponential functioi,=a+b[1+exp{&T  Further, the calculation also predicts an activation energy of
—T)}" L, where the constand describes the width of the ~1.4 eV for the migration of $i(split interstitial configura-
phase transition, see solid curves in Fig. 2. The same fittingjon) in n-type SiC and a substantially lower barrier for the
parameters except for the value of the so-called critical tranannihilation process. Here, it should be emphasized that we
sition temperaturd . representing the inflection point of the observe a similar decrease in the number of displaced atoms
damage—versus—temperature curve for a give dose rate hawa both the Si- and C-sublattices, consistent with the theo-
been used to fit the equation above to ¥hevalues as mea- retical prediction that the annihilation should occur with a
sured for 4.%10% 2.3x10% 1.9x10 and 2.2 similar activation energy for both sublattices. Another ex-
x 10*ions/cnt/s implantation fluxes. The fitting procedure perimental observation of defect motion at these tempera-
has also been performed for the lowest dose rate implantsuyres is the formation of the dominar-defect detected by
1.9x 10'%ons/cnt s and diamonds in Fig. 2, but the uncer- deep level transient spectroscopy at low irradiation db%es.
tainty in the determination of th&, becomes quite high due In particular, a transition from an unstalife —0.62 eV po-
to the lack of experimental points between 25 and 100 °Csition to aZ,-like signature atE.—0.7 eV occurs E. de-
Figure 3 summarizes the results obtained for the critical trannotes conduction band edgdhe nature of th&,-center is
sition temperatures at four different dose rdjasis the “un-  not fully understood yet but since the transformation occurs
certain” point at the lowest rajeThe data are found to fol- in a similar temperature range as the dose rate effect takes
low an Arrhenius dependence with an activation endtgy place it is consistent to assume that botha®id G mediate
of 1.3+0.1 eV, which represents the temperature dependendée transition.
of the physical procegss limiting the rate of dynamic an- In addition, Fig. 1 shows also an interesting shape of the
nealing (defect annihilation during high dose implantation damage profiles where two regions for damage accumulation
into 4H-SiC. — at the surface and at the damage peak for 100 k&\idBis
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— are found. Again, considering, for clarity reason, only theintrinsic type defects for both Si- and C-sublattices. In addi-
silicon part of the spectr@éhe main parts in Fig.)L an in-  tion, two regions for the damage accumulation—at the sur-
teresting evolution of these profiles with respect to the fluxface and at the damage peak for 100 keV &ins—are ob-
conditions is observed. The relative size of the surface danserved.

age peak is much more significant for the low flux implants.
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