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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 keV Si⫹ ions were implanted
into bulk 4H-SiC wafers using different ion fluxes (1.9⫻1010 – 4.9⫻1013 ions/cm2 s) and keeping
the implantation dose constant at 5⫻1014 Si⫹ /cm2 . The implants were performed both at room and
elevated temperatures, up to 220 °C. Rutherford backscattering spectrometry in the channelling
mode using 2 MeV He⫹ 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
4.9⫻1013 to 1.9⫻1010 ions/cm2 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 keV Si⫹ ions – are observed.
© 2003 American Institute of Physics. 关DOI: 10.1063/1.1622797兴

I. INTRODUCTION

Ion implantation is a key technology to fabricate integrated electronic devices and, in particular, it is probably the
only accessible tool to locally dope SiC since in-diffusion
doping techniques require very high temperatures,
⭓1800 °C, for most doping elements. However, the implantation process produces radiation defects, which have to be
removed during dopant activation anneals. The understanding of radiation defect annealing mechanisms in SiC is not
mature, partly because of the complexity of the initial radiation damage that is a strong function of the implantation
parameters. Most of the efforts to understand the nature of
radiation effects in SiC have been devoted, so far, to investigate the accumulation of radiation damage as a function of
ion implantation energy, dose, and substrate temperature.1,2
There is, however, one parameter that has not been investigated in detail, namely, the ion flux or dose rate. It is known
a兲
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since the late 1960s that the accumulation of radiation damage in semiconductors may be very sensitive to how fast the
implantation dose is collected.3 The phenomenon is often
referred to as the dose rate effect 共dynamic annealing兲 in the
literature and has been reported to play an important role in
several semiconductors, e.g., in Si, Ge,4 and more recently in
GaAs,5,6 InP,7 and GaN.8 Surprisingly, quite little has been
reported on the dose rate effect in SiC in literature taking
into account severe problems linked to manifestations of implantation defects in SiC applications. Very recently, new
measurements of radiation damage evolution in ion implanted SiC have been reported by Ohno and Amemiya9 and
Zhang et al.10 also as a as a function of flux/substrate temperatures. These observations are consistent with a point
stated by Wendler et al.1 that the instantaneous defect concentration and the resulting damage might naturally depend
on the flux conditions in ion implanted SiC too. Indeed, the
dynamic defect concentration during irradiation depends on a
balance between defect generation and annihilation rates. For
example, if the ion flux is low enough, defects will annihilate
at a faster rate than they are generated and the accumulated
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defect density may never reach the critical value for amorphization. The substrate temperature plays an obvious role
here since the defect annihilation process is thermally activated. Generally speaking it is possible to find a dose-rate
interval corresponding to a temperature interval where a transition between high and low damage accumulation takes
place. There is, however, a practical consideration if very
high rates are accessible and/or very low rates are feasible to
reach a desired dose within a reasonable time. In the present
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 activation
energy for the dynamic annealing, and discuss the nature of
this process.
II. EXPERIMENT

The samples used are Cree 4H-SiC n-type bulk wafers
with a resistivity of 0.015 ⍀ cm grown 8°-off the 具0001典
direction. 100 keV Si⫹ ions were implanted in a normal direction using different ion fluxes of 1.9⫻1010 – 4.9
⫻1013 ions/cm2 s and keeping the implantation dose constant
at 5⫻1014 Si⫹ /cm2 . The incident beam, scanned over an
area of ⬃30⫻30 mm2, was transmitted through a 10⫻10
mm2 aperture to ensure the implantation uniformity. The ion
flux was varied by changing the intensity of the unscanned
beam. The precision of the flux control was around a few
percent 共except for the lowest flux where the uncertainty was
⫾50%兲. The implants were performed both at room and elevated temperatures, up to 220 °C. The substrate temperature
was controlled within an accuracy of ⫾5 °C. After implantation the samples were analyzed by Rutherford backscattering
spectrometry in the channelling mode 共RBS/C兲 along the
具0001典 direction using 2.0 MeV He⫹ ions, backscattered into
detectors at 100° and 170° with respect to the incident beam
direction. Glancing 共100°兲 and backscattering 共170°兲 detectors are normally used to reach higher depth and mass resolution, respectively. A charge of 60 C was normally accumulated at the target for each RBS/C spectrum. Dechanneled
fractions 关  R (x) 兴 have been evaluated in all samples in accordance with the formalism by Eisen11 and the relative damage (N/N 0 ) has been calculated using a standard iteration
procedure N/N 0 ⫽ 关  (x)⫺  R (x)/1⫺  R (x) 兴 , where  (x) is
a normalized backscattering yield in a channeling direction.11
III. RESULTS AND DISCUSSION

Figure 1 shows examples of the relative damage versus
channel number of samples implanted using different ion
fluxes at 100 °C 共a兲 and 160 °C 共b兲. Insets in Fig. 1 show also
raw RBS/C spectra as collected by the glancing detector. All
spectra in the insets have two typical signatures that are related to carbon and silicon damage profiles starting at channels 150 and 275, respectively. For clarity, only the silicon
part of the spectra 共recalculated into relative damage兲 is presented in the main part of Fig. 1. It is clearly seen from Fig.
1 that the relative damage gradually increases with increasing ion flux for both the 100 and 160 °C implants and the
effect is very pronounced. Specifically for the 100 °C implants, the amount of displaced Si atoms in the lowest flux

FIG. 1. Relative damage in silicon sublattice vs channel profiles of samples
implanted using different ion fluxes 共find symbols in the diagrams兲 at 100 °C
共a兲 and 160 °C 共b兲. The inserts represent raw RBS/C spectra of the samples.
Solid lines represent virgin spectra. Random normalized yield reaches
⬃2000 count/s in the silicon part of the insets 共spectrum not shown兲.

sample is reduced by a factor of 4 relative to that for the
highest flux sample where the RBS/C yield almost reached
the random level 共in the range of ⬃2000 counts in the insets
of Fig. 1兲, i.e., the sample is close to amorphization. The
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 between Figs. 1共a兲 and 1共b兲 shows that the difference in the
accumulation of the implantation damage using low- and
high-flux conditions is much less pronounced for the implants performed at 160 °C. It suggests that even the highest
flux used at 160 °C, specifically 4.9⫻1013 Si⫹ /cm2 s where
the implantation takes just about 10 s, is too low to efficiently compete with the rate of defect annihilation. Similar
trends for the accumulation of the radiation damage as a
function of temperature and dose-rate have been measured at
120 and 140 °C. In contrast, measurements performed on the
samples implanted at 80 °C reveal that the ‘‘high-damageconditions’’ are reached already at the flux of 2.3
⫻1013 Si⫹ /cm2 s and the damage produced by the lowest
flux (1.9⫻1010 Si⫹ /cm2 s) is significantly higher than that at
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FIG. 2. The relative damage as measured in the samples implanted with
different dose rates 共find symbols in the diagram兲 keeping the substrate
temperature in the range 25–220 °C.

100 °C. These results are consistent with the data reported in
Refs. 9 and 10 and confirm that the dynamic annealing during ion implantation into SiC is thermally activated and takes
place in a way similar to that for other semiconductors.3– 8 It
is important to emphasize that the observed phenomenon is
due to ‘‘dynamic’’ defect annihilation during ion implantation. A control experiment, where a sample implanted at
120 °C using the flux of 2.3⫻1013 Si⫹ /cm2 s 共i.e., exposed to
the ion beam for about 23 s兲 was post annealed for 10 h at
120 °C, did not reveal any measurable difference between the
damaged profiles before and after annealing. The duration of
the post-anneal was chosen to be comparable with the exposure time used for the lowest flux implant.
The crystalline disorder after all implants has been represented by the relative height of each damage profile at the
depth corresponding to the projected range of 100 keV Si⫹
ions 共main damage peak兲. The damage yields Y a are shown
in Fig. 2 versus substrate temperature and it can be seen that
a similar characteristic shape of a crystalline–to–amorphous
transition is observed for all the dose rates. In accordance
with the formalism from Ref. 12, the transition is fitted by a
simple inverse exponential function Y a ⫽a⫹b 关 1⫹exp兵␦(T
⫺Tc)其兴⫺1, where the constant ␦ describes the width of the
phase transition, see solid curves in Fig. 2. The same fitting
parameters except for the value of the so-called critical transition temperature T c representing the inflection point of the
damage–versus–temperature curve for a give dose rate have
been used to fit the equation above to the Y a values as measured for 4.9⫻1013, 2.3⫻1013, 1.9⫻1012, and 2.2
⫻1011 ions/cm2 /s implantation fluxes. The fitting procedure
has also been performed for the lowest dose rate implants,
1.9⫻1010 ions/cm2 s and diamonds in Fig. 2, but the uncertainty in the determination of the T c becomes quite high due
to the lack of experimental points between 25 and 100 °C.
Figure 3 summarizes the results obtained for the critical transition temperatures at four different dose rates 共plus the ‘‘uncertain’’ point at the lowest rate兲. The data are found to follow an Arrhenius dependence with an activation energy E a
of 1.3⫾0.1 eV, which represents the temperature dependence
of the physical process共es兲 limiting the rate of dynamic annealing 共defect annihilation兲 during high dose implantation
into 4H-SiC.

FIG. 3. Arrhenius plot for the ion flux vs the critical transition temperature
T c as extracted from the fitting to the experimental data in Fig. 2.

In principle, several different defects and their various
annealing routes may be considered to be responsible for the
dose rate effect in SiC in the studied temperature range, 25–
200 °C. However, combining literature data and the present
results the following scenario for a microscopic mechanism
causing dynamic annealing during ion implantation may be
proposed. During ion bombardment all possible kinds of elementary intrinsic defects, Sii , Ci , V C , and V Si , where index i denotes interstitials and V denotes vacancies, and combinations thereof are formed. Recent results of electron
paramagnetic resonance measurements show that Ci , in a
split interstitial configuration, anneals out in the temperature
range of 150–200 °C 共Refs. 13 and 14兲 and computational
experiment within the framework of density functional
theory using local density approximation performed by
Bockstedte et al.15 yield a reaction barrier of ⬃1.4 eV for the
annihilation of Ci in a neutral charge state (Ci ⫹V C→⭋).
Further, the calculation also predicts an activation energy of
⬃1.4 eV for the migration of Sii 共split interstitial configuration兲 in n-type SiC and a substantially lower barrier for the
annihilation process. Here, it should be emphasized that we
observe a similar decrease in the number of displaced atoms
on both the Si- and C-sublattices, consistent with the theoretical prediction that the annihilation should occur with a
similar activation energy for both sublattices. Another experimental observation of defect motion at these temperatures is the formation of the dominant Z 1 -defect detected by
deep level transient spectroscopy at low irradiation doses.16
In particular, a transition from an unstable E c ⫺0.62 eV position to a Z 1 -like signature at E c ⫺0.7 eV occurs (E c denotes conduction band edge兲. The nature of the Z 1 -center is
not fully understood yet but since the transformation occurs
in a similar temperature range as the dose rate effect takes
place it is consistent to assume that both Sii and Ci mediate
the transition.
In addition, Fig. 1 shows also an interesting shape of the
damage profiles where two regions for damage accumulation
– at the surface and at the damage peak for 100 keV Si⫹ ions
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– are found. Again, considering, for clarity reason, only the
silicon part of the spectra 共the main parts in Fig. 1兲, an interesting evolution of these profiles with respect to the flux
conditions is observed. The relative size of the surface damage peak is much more significant for the low flux implants.
In particular, see for example Fig. 1共b兲, the implantation induced disorder in the surface region of the sample implanted
at 160 °C using the flux of 1.9⫻1010 Si⫹ /cm2 s is almost
three times higher than that at the depth corresponding to the
ion range 共where the dominant part of the nuclear energy
losses for the incident 100 keV Si⫹ ions takes place兲. As the
ion flux increases the intensity of the surface peak remains
unchanged or increases very slightly for both the 160 and
100 °C implants. As discussed earlier, this is in direct contrast to the intensity of the main damage peak. Assuming that
the defects have a small migration length, one may suggest
that the dynamic annealing in SiC is a rather localized process, where long-distance diffusion of point defects plays a
minor role since in that case much smoother profiles are
expected than obtained experimentally. This argument may
be in favor of the heterogeneous mode of amorphization in
SiC during the implantation conditions used. On the other
hand, the evolution of the damage profiles in Fig. 1 does not
fully exclude long-range defect redistribution if to assume
that stable defect complexes with low mobility are preferentially formed at the disordered surface through reactions between migrating defects.
IV. CONCLUSIONS

In summary, a strong influence of ion implantation flux
on the accumulation of radiation damage, the so-called dose
rate effect, is observed in 4H SiC implanted with
100 keV Si⫹ ions at 80–160 °C. The dynamic annealing is
found to be thermally activated with an energy of ⬃1.3 eV,
and the transition from high to low damage accumulation in
SiC can be engineered by combining ion flux and implantation temperature. In particular, at 100 °C the amount of disordered Si atoms is reduced by a factor of 4 by decreasing
the ion flux from 4.9⫻1013 to 1.9⫻1010 ions/cm2 s. The results are discussed in terms of migration and annihilation of
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intrinsic type defects for both Si- and C-sublattices. In addition, two regions for the damage accumulation—at the surface and at the damage peak for 100 keV Si⫹ ions—are observed.
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