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The vacancy production in 6H-SiC by 3 MeV electron irradiation at room temperature was studied
using positron lifetime spectroscopy combined with annealing experiments. It was found that the
trapping rates of positrons in vacancies increased linearly with the fluence in the initial stage of
irradiation. After the linear increase, the trapping rates were found to be proportional to the square
root of the fluence. The linear and nonlinear fluence dependences of the trapping rates are explained
by the reduction of vacancies due to recombination with interstitials during irradiation. The positron
trapping rate for the admixture of silicon vacancies and divacancies showed a tendency to saturate
in the higher fluence range. The trapping rate for carbon vacancies decreased after reaching a
maximum. These results are explained in terms of the shift of the Fermi level due to the irradiation
process. It was found that, for the lightly irradiated specimen, an annealing stage caused by
recombination between close vacancies and interstitials was observed. However, such an annealing
stage was not observed when using a heavily irradiated specimen. These different results are
explained as the reduction of interstitials due to the recombination with vacancies and long-range
migration of interstitials to sinks during irradiation. ©1997 American Institute of Physics.
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I. INTRODUCTION

Silicon carbide~SiC! holds great potential as a semico
ducting material for power devices that are functional un
extreme conditions, such as high temperature and radia
environments.1 Recently, the development of devices th
employ the ion implantation technique has been prefer
since this technique allows for full control of the electric
properties. In light of this, it is necessary to reveal the nat
of radiation-induced defects.2,3 Despite extensive studies, de
scribed below, the understanding of radiation-induced
fects in SiC is apparently far from complete.

In previous works, photoluminescent~PL! lines, desig-
natedD1 , were found in 3C-, 4H-, and 6H-SiC crystals
after annealing at 1000–1300 °C following electron or i
irradiation.4–8 The D1 luminescence was reported to pers
even after annealing at 1700 °C. Deep level transient sp
troscopy ~DLTS! studies for nitrogen-doped 6H-SiC re-
vealed that a series of deep levels, termedE1/E2, E3/E4,
andZ1/Z2, were introduced by electron or ion irradiation
room temperature.9–11 The E1/E2 and E3/E4 levels were
annealed to 1100 °C, while theZ1/Z2 levels remained even
after annealing at 1700 °C.9,10 Considering that theD1 lumi-
nescence appeared irrespective of the irradiated ion spe
it is hypothesized that theD1 originated from simple point
defects. Choyke and Patrick proposed thatD1 luminescence
was related to divacancies (VSiVC).4 To identify defect spe-
cies and their annealing stages, electron spin reson
~ESR! studies were performed.12–17From the detailed analy
ses of the spectra, Itohet al. succeeded in identifying silicon
and carbon vacancies (VSi and VC) in electron-irradiated
3C-SiC.13,14 It was revealed that these two types of defe
were annealed via two major stages~at 150 and 750 °C! and
via a single stage at approximately 200 °C, respectiv
Their results also suggested the presence of the Frenkel
3232 J. Appl. Phys. 82 (7), 1 October 1997 0021-8979/97
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(VSi•I Si , VC•I C).15 Carbon and silicon vacancies i
electron-irradiated 6H-SiC were found to be annealed at a
proximately 200 and 750 °C, respectively, by Balona a
Loubser.12 The ESR spectra related to divacancies a
vacancy-impurity complexes involvingVSi and nitrogen at-
oms at the carbon sublattice were found in quenched 6H-SiC
by Vainer and Il’in.16,17 They reported that theVSiNC com-
plexes and divacancies were annealed at 1400–1500
above 1700 °C, respectively.

The previous results indicate that monovacancies
Frenkel pairs in SiC are stable at room temperature and
vacancies have an even higher stability. These are quite
ferent from the situation in conventional semiconducto
such as Si. For instance, monovacancies and single inte
tials in Si are mobile far below room temperature.18,19 Diva-
cancies in Si are known to be annealed up to 350 °C.20 There
is great interest in understanding the kinetics of intrinsic
fects in SiC. Several positron annihilation studies have b
performed to date.21–26Recently, we investigated the annea
ing processes of vacancies in electron-irradiated nitrog
doped 6H-SiC using positron lifetime measurement.27 After
irradiation, defects related to silicon and carbon vacanc
and divacancies were observed. These vacancies were f
to be partly annealed at several stages below 500 °C
were ultimately diminished by high temperature anneal
up to 1450 °C. The high temperature stages can be expla
by the motion of vacancies and the dissociation of comple
between vacancies and impurities. Meanwhile, the low te
perature stages can be explained by the recombination
tween vacancies and interstitials due to the motion of in
stitials. This is supported by the fact that vacancies
immobile there.

Considering the fact that interstitials start to migrate
low temperatures, e.g., 100–200 °C, the vacancy-interst
/82(7)/3232/7/$10.00 © 1997 American Institute of Physics
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reaction is expected to occur even at room temperature
radiation field. In our research, we focused on the produc
of vacancies due to electron irradiation. The fluence dep
dences of positron lifetime and their annealing characteris
were investigated. The results strongly indicate that vacan
interstitial recombinations are enhanced during irradiat
and this plays a critical role in the production of vacancie

II. EXPERIMENT

The specimens used in this work were cut from
modified-Lely-grown 6H-SiC wafer doped with nitrogen
The net concentration of nitrogen atom was 5
31017 cm23. The wafer was one commercially supplied b
Cree Research Inc. The specimens were irradiated wi
MeV electrons to a fluence of 1.531018 e2/cm2 at 60 °C
using a dynamitron accelerator. The Fermi level of the sp
mens was determined from the Hall measurement using
van der Pauw method at room temperature. Isochronal
nealing was performed in the temperature range betwee
and 1500 °C for 5 min in a dry argon ambience.

The positron source was prepared by deposit
22NaCl (63105 Bq! on a titanium thin film with a thickness
of 3 mm. It was sandwiched by two specimens and the p
itron lifetime measurement was carried out using a conv
tional fast–fast spectrometer with a time resolution of ab
230 ps@full width at half-maximum~FWHM!# at room tem-
perature. About 53106 counts were accumulated in eac
spectrum. The source components were determined to
130610 and 520630 ps with intensities of 1262% and 0.5
60.3%, respectively, from a measurement of an unirradia
floating-zone grown Si crystal. These components appea
come from the positron annihilations in the titanium film a
in the sodium, respectively. To check the validity of the
source components we analyzed various semiconductors
metals using the source components. The bulk lifetimes
tained agreed with those reported in previous works, sugg
ing that the source components were determined proper28

To discriminate between bulk and defect components, a
subtracting the source and background components, a
time spectrumL(t) was decomposed into two terms usin
the computer programPATFIT-88:29

L~ t !5~ I 1 /t1!exp~2t/t1!1~ I 2 /t2!exp~2t/t2!. ~1!

Here, t i are the lifetimes andI i are the intensities (I 11I 2

51). The average positron lifetimêt& is defined as

^t&5I 1t11I 2t2 . ~2!

This quantity is sensitive to the change in positron lifetim
With the framework of the two-state trapping model28 in
which positrons are assumed to annihilate through the b
state or through the trapped state in vacancy-type defects
lifetimes t1andt2 have the following physical meanings:

t15
1

tB
211k

, ~3!

t25tV . ~4!

Here,tB is the positron lifetime in the bulk~bulk lifetime!
which is determined to be 13862 ps from a measurement o
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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an unirradiatedp-type SiC~doped with aluminum!, tV , the
positron lifetime in vacancy-type defects, andk, the net pos-
itron trapping rate due to the defects are

k5
I 2

I 1

~tB
212t2

21!. ~5!

The trapping rate is proportional to the concentration of de
fects (C) and the specific trapping rate (m): k5mC. Equa-
tion ~3! represents the effective bulk lifetime when positrons
are trapped by defects. In the following discussion, when
referring to defect concentration, we will use the trapping
rate rather than intensityI 2 sinceI 2 is not proportional to the
defect concentration. The validity of the two-state trapping
model can be checked by Eq.~3! since each side of the
equation is determined independently.

III. RESULTS AND DISCUSSION

Figure 1 shows the positron lifetime spectra obtained fo
the unirradiated specimen and for irradiated specimens wit
a fluence of 1.031017 and 1.531018 e2/cm2.The average
lifetimes for these specimens were determined to be 142
179, and 202 ps, respectively~error within 2 ps!. The posi-
tron lifetime of the unirradiated specimen is slightly longer
than that of the unirradiatedp-type specimen~138 ps!. As
reported in the previous research,27 the prolonged positron
lifetime for the unirradiatedn-type specimen may be due to
the presence of vacancy-type defects. The positron lifetim
increases as the fluence increases. This shows that vacan
type defects are created by the irradiation and that their con
centrations also increase with the fluence. To obtain mor
detailed information, the lifetime spectra were decompose
into two terms~bulk and defects! using Eq.~1!. Figure 2
shows the dependence of the lifetimes (t1 and t2) and the
intensity I 2 on the fluence. The experimental error is within
the circle. The lifetimet2 increases from 183 ps with an
intensity of 45% at the unirradiated state to;215 ps with an
intensity of 90%.

FIG. 1. Positron lifetime spectra for the unirradiated specimen and for irra
diated specimens with fluences of 1.031017 and 1.531018 e2/cm2.
3233Kawasuso et al.
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A recent theoretical calculation by Braueret al. showed
that the positron lifetimes for a carbon vacancy, a silico
vacancy, and a divacancy in 6H-SiC are 150–153, 183–194
and 214 ps, respectively.30,31 The lifetime for aVSiNC com-
plex was reported to be similar to that of an isolated silico
vacancy. The lifetimet25183 ps obtained for the unirradi-
ated specimen in the present work was previously attribu
to complexes between silicon vacancies and nitrogen ato
through the annealing experiment.27 The average energy of
primary knock-on atoms~PKAs! is estimated from an el-
ementary displacement calculation to be approximately 1
eV for 3 MeV electron irradiation.32–34Thus, simple defects
such as monovacancies, single interstitials, and Frenkel p
are mainly produced by irradiation. In addition, divacanci
are also created directly through the successive displacem
of two adjacent atoms. After the creation of divacancie
most PKA energy is expected to be lost. Hence, the d
placed atoms will stop in the vicinity of the divacancies cr
ated. On the basis of this assertion and the result that
value of the lifetimet2 varied between those for silicon va
cancies and divacancies, the lifetimet2 after the irradiation
is considered to be a weighted average between defects
lated to silicon vacancies and those related to divacancies
the fluence increases, the lifetimet2 approaches the theoret
ical lifetime for a divacancy. This indicates that divacanci

FIG. 2. Positron lifetimes (t1 andt2) and intensityI 2 as a function of the
fluence. The lifetimet1

TM denotes the lifetimet1 expected from the trapping
mode@Eq. ~3!#.
3234 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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work as strong positron trapping centers compared to the
other types of vacancies.

Figure 2 also shows that the lifetimet1 considerably
deviates from the value expected in the two-state trapping
model (t1

TM).The deviation well exceeds experimental un-
certainties. As explained in previous work,27 this is because
thet1 component is a weighted average between the lifetime
t1

TM and the additional lifetimetS caused by carbon vacan-
cies. Positron trapping rates for thetS ~carbon vacancies!
andt2 ~silicon vacancies1divacancies! components are cal-
culated by

kS5
t1~tB

212I 2t2
21!2I 1

tS2t1

, ~6!

k25
I 2

I 1

•

tB
212t2

212I 1tS
21~12t1t2

21!

12t1tS
21

, ~7!

respectively, instead of by Eq.~5!.28 Here,tS is assumed to
be 150 ps for carbon vacancies.30,31 Figure 3 shows the flu-
ence dependence of the trapping rates. The trapping ratek2

increases rapidly in the initial stage of irradiation. Although
the data scattering is relatively large in the higher fluence
range, the trapping ratek2 seems to have a tendency to satu-
rate within the experimental uncertainties. The trapping rate
kS first increases with the fluence but decreases after reach
ing a maximum. It should be noted that the trapping rates
show nonlinear behaviors.

If the produced defects do not react to each other during
irradiation, their concentrations should be simply propor-
tional to the fluence. On the contrary, the nonlinear fluence
dependence of the trapping rates was observed as show

FIG. 3. Trapping rateskS~for carbon vacancies! and k2 ~for silicon
vacancies1divacancies! as a function of the fluence.
Kawasuso et al.
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above. This result can be explained by the loss of vacan
during irradiation. Such a loss of vacancies is known to
observed when interstitials are mobile.35

We argue the general features for the fluence-depen
vacancy concentration using the chemical rate equati
considering the recombination between vacancies and in
stitials and their migration to sinks. Although the formatio
of divacancies by the combination of mobile vacancies w
suggested for 3C-SiC irradiated with 1 MeV electrons, i
was found to be obvious in a quite high fluence range(.5
31018 e2/cm2).36 In the case of 3 MeV electron irradiatio
up to 1.531018 e2/cm2, it is likely that the primary produc-
tion of divacancies is predominant. Thus, the production
divacancies via the combination of vacancies is not con
ered here. The generation of monovacancies through rec
bination between divacancies and interstitials is also not c
sidered since the concentration of divacancies is though
be considerably lower than those of monovacancies. E
so, it becomes problematic to find the solution to the che
cal rate equations when we include all types of defects.
therefore do not distinguish between different types of
cancies or interstitials for simplicity. In this case, the chem
cal rate equations for vacancies and interstitials during
irradiation are

dCV

dt
5K2KV•ICICV2KSVCSVCV , ~8!

dCI

dt
5K2KV•ICICV2KSICSICI , ~9!

where CV , CI , CSV, and CSI denote the concentration o
vacancies, interstitials, and their internal sinks, respectiv
K is the production rate of Frenkel pairs due to the irrad
tion, andKV•I , KSV, andKSI are the reaction constants fo
the vacancy-interstitial recombination, annihilations of v
cancies, and interstitials at their sinks, respectively. The
ence is given byf5 i t ,where i and t are the flux of the
incident electrons and the irradiation time, respectively. T
general trends to the solution to the above rate equat
were shown by Sizmann assumingCSI5CSV[CS ~constant!
as described below.37

The characteristic time constants for the beginning
vacancy-interstitial recombination after the accumulation
vacancies and interstitials, annihilations of interstitials, a
vacancies at sinks are defined ast15(KKV•I)

21/2, t2

5(KSICS)21, and t35(KSVCS)21, respectively. From the
analogy of studies for metal defects,35 the rate of recombina
tion of Frenkel pairs is expected to be much faster than
of the annihilation of interstitials at sinks. Interstitials a
also expected to be much more mobile than vacancies. T
it is natural to assumet1,t2,t3 .In the initial stage of irra-
diation, the second and the third terms of the right-hand s
of Eqs. ~8! and ~9! are negligible sinceCV andCI are low.
This yieldsCV5CI5Kt, i.e., the concentration of vacancie
and interstitials is proportional to the fluence (CV5CI`f).
As vacancies and interstitials pile up sufficiently so that
>t1 , there is an increased chance for vacancy-interstitial
combination. Then, the production and annihilation of vac
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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cies and interstitials are temporarily balanced and the con
centrations reach a plateau,CV5CI5(K/KV•I)

1/2. No
plateau appears when the vacancy-interstitial recombinatio
and the annihilation of interstitials at sinks occur almost si
multaneously, i.e.,t1;t2 . At t>t2 , interstitials start to an-
nihilate at sinks and the concentration decreases asCI

5(K/KV•IKSICSt)1/2.Then, the concentration of vacancies
increases asCV5(KKSICSt/KV•I)

1/2. Namely, the concen-
tration of vacancies is proportional to the square root of th
fluence (CV}f1/2). At t>t3 , vacancies also start to annihi-
late at sinks, hence, the concentration of vacancies and inte
stitials have a tendency to saturate. Then the concentration
vacancies and that of interstitials can be represented by t
following equations: CV5(KKSI /KV•IKSV)

1/2and CI

5(KKSV/KV•IKSI)
1/2. This corresponds to the stationary

state.
Figure 4 shows the logarithmic plot of the fluence de-

pendence of trapping ratesk2 and kS . ~Note that the trap-
ping rate is proportional to the concentration of vacancies!.
Both trapping rates seem to be proportional to the fluenc
(k2}f) in the fluence range below 131017 e2/cm2 and to
the square root of the fluence (k2}f1/2) in the fluence range
from 131017 to 431017 e2/cm2 within experimental errors.
These features closely match that expected from the chem
cal rate equations shown above. The absence of a plate
after the linear growth of the trapping rates indicatest1

;t2 . Thus, it is probably that vacancies are reduced durin
irradiation through mutual recombination with interstitials. It
is likely that interstitials migrate a long distance during irra-
diation. Although the close Frenkel pairs and interstitials in
SiC are thought to be stable at room temperature,15 the mi-

FIG. 4. Logarithmic plot of the fluence dependence of the trapping ratesk2

andkS . The symbolsf andf1/2 represent the slopes of the lines.
3235Kawasuso et al.
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gration of interstitials may be enhanced by the ionizatio
effect during irradiation. It is inferred that interstitials can
migrate in a radiation field by gaining excess energy releas
from electron-hole recombinations and/or through success
transformation of the stable configuration due to the chan
in the charge state.38,39

With reference to the chemical rate equations mention
above, the saturation level of the trapping ratek2 in the
fluence range above 531017 e2/cm2may be explained as the
annihilation of silicon vacancies and divacancies at sink
However, it is questionable, since silicon vacancies and
vacancies are known to be immobile below;750 °C.12–14

The migration of carbon vacancies may be assisted by ir
diation since they are mobile at approximately 200 °C.13,14

Even so, the decrease in the trapping ratekS in the fluence
range above 531017 e2/cm2 is not the expected result based
on the above rate equations. Here we should consider
change in the electrical properties of the specimen. Figure
shows the fluence dependence of the Fermi level at roo
temperature.~Above 831017 e2/cm2, the Hall measurement
at room temperature was difficult to record due to the e
treme reduction of the free carrier density!. The Fermi level
approaches the middle of the band gap with increasing fl
ence. This result shows that residual defects work as acc
tors to compensate free electrons and that their concen
tions increase as the fluence increases.40 A series of acceptor
levels is known to be introduced by electron irradiation i
the upper half of the band gap from DLTS
measurements.9–11 Although the energy levels associate
with carbon and silicon vacancies and divacancies have
yet been established, these defects are expected to have
ceptor levels. It is probable that the charge states of vaca
cies change as the fluence increases due to the shift of
Fermi level. Considering the fact that the specific trappin
rate for a vacancy is known to depend on its charge state d
to the Coulomb attraction,41 the saturation of the trapping
ratek2 and the decrease of the trapping ratekS in the higher
fluence range may be caused by the change in the cha
state of vacancies as the fluence increases.

The above arguments imply that the concentrations
residual interstitials in the low fluence range may be high
than those of the high fluence range. This may affect t
annealing kinetics of vacancies. For confirmation, we pe
formed annealing experiments for the lightly (1.0

FIG. 5. The Fermi level as a function of the fluence. Here,EC represents the
energy of the bottom of the conduction band.
3236 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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31017 e2/cm2) and heavily (1.531018 e2/cm2) irradiated
specimens. Figure 6 shows the annealing behavior of l
times (t1 andt2) and intensityI 2 for these specimens. Fig
ure 7 shows the annealing behavior of the trapping rateskS

andk2 calculated from Eqs.~6! and~7! which are related to
carbon vacancies and the admixture of silicon vacancies
divacancies, respectively.

First, let us consider the approximate annealing featu
for the lightly irradiated specimen and then compare th
with those for the heavily irradiated specimen. The trapp
ratekS of carbon vacancies first decreases at approxima
75 °C and finally diminishes at 250–450 °C. Since clo
Frenkel pairs are considered to be less stable than isol
vacancies, the annealing stage at;75 °C is probably caused
by the mutual recombination of Frenkel pairs (VC

•I C→null). The annealing temperature for the higher sta
coincides with that observed by ESR studies.12,14The anneal-
ing stage at 250–400 °C can probably be attributed mainl
the motion of carbon vacancies (VC→sinks).The lifetimet2

related to the admixture of silicon vacancies and divacan
decreases from 210 to 189 ps from 75 to 500 °C. The tr
ping ratek2 also decreases from 75 to 500 °C. The lifetim
t25189 ps observed after the annealing at 500 °C is alm

FIG. 6. Positron lifetimes (t1 and t2) and intensityI 2 obtained for the
specimens irradiated with 131017 ~open circle! and 1.531018 e2/cm2

~closed circle! as a function of annealing temperature. The lifetimet1
TM

denotes the lifetimet1 expected from the trapping model.
Kawasuso et al.
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the same as the theoretical lifetime of a positron in a silic
vacancy. These results show that silicon vacancies and d
cancies already start to disappear at 75 °C. Most likely, t
low temperature annealing of vacancies occurs because
recombination with interstitials rather than by their migratio
and dissociation. In fact, the annealing experiments by E
showed that silicon vacancies partly disappeared at appr
mately 200 °C due to recombination with interstitials.13,14,42

When the temperature is greater than 500 °C, the trapp
ratek2 decreases at 700–800, 1050, and finally reaches
detection limit at 1450 °C. These processes were attributa
to the migration of silicon vacancies, the dissociation
complexes between silicon vacancies, and residual impuri
such asVSiNC complexes.27

For the heavily irradiated specimen, the trapping ratekS

for carbon vacancies first increases at 250–350 °C and
minishes at approximately 450 °C. The increase in the tra
ping rate may be explained as the generation of carbon
cancies, due to either the recombination between divacan
and silicon interstitials, or the change of the charge stat
The final annealing stage at 450 °C may be attributed to
annihilation of carbon vacancies to their sinks. Here,
should be noted that the annealing stage at approxima
75 °C was observed for the lightly irradiated specimen b

FIG. 7. Annealing behaviors of the trapping rateskS andk2 obtained for the
specimens irradiated with 131017 ~open circle! and 1.531018 e2/cm2

~closed circle!.
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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not for the heavily irradiated specimen. As previously not
the annealing stage at approximately 75 °C was attributa
to the disappearance of close Frenkel pairs between ca
vacancies and interstitials. The above result therefore s
gests that the concentration of the Frenkel pairs is fairly l
in the heavily irradiated specimen. Close Frenkel pairs
thought to have already been annihilated during irradiat
due to the motion of interstitials.

The lifetime t2 and the trapping ratek2 decrease with
the annealing temperature. The annealing process ab
500 °C is similarly explained as in the case of the ligh
irradiated specimen. The decreases in the lifetimet2 and that
of the trapping ratek2 up to 500 °C again show the disap
pearance of silicon vacancies and divacancies in this t
perature range. However, the low temperature annea
stage at 75–200 °C observed for the lightly irradiated spe
men is not observed for the heavily irradiated specimen.
stead, its annealing temperature shifts to 200–300 °C.
annealing stage at 75–200 °C was attributed to the dis
pearance of silicon vacancies and divacancies due to rec
bination with interstitials. Thus, the above result again
lows us to assume that the concentrations of close vaca
interstitial pairs are significantly low in the heavily irradiate
specimen due to the motion of interstitials.

Thus, it becomes clear that the annealing behaviors
vacancies at low temperatures~,500 °C! are different de-
pending on the irradiation fluence: The annealing stage
vacancies related to the recombination with close interstit
below 200 °C is observed for the lightly irradiated specim
but not for the heavily irradiated one. It is concluded th
vacancies recombine with interstitials during irradiation d
to the motion of interstitials. As a result, the concentration
residual interstitials close to vacancies is reduced as the
ence increases. This conclusion is consistent with that
duced from the fluence dependent positron trapping ra
shown above.

IV. SUMMARY

In this research, we investigated the vacancy produc
in 6H-SiC by 3 MeV electron irradiation through the fluenc
dependence of positron lifetime combined with annealing
periments. The results of this research are summarize
follows. After irradiation, defects related to carbon and s
con vacancies and divacancies were found. The posi
trapping rates for these vacancies showed nonlinear flue
dependences. The nonlinear fluence dependences are p
explained using the chemical rate equations taking into
count the reduction of vacancies due to recombination w
interstitials and long-range migration of interstitials durin
irradiation. The annealing experiments showed that the
temperature annealing of vacancies~,200 °C! due to recom-
bination with interstitials was not observed for the heav
irradiated specimen. This result is consistently explained
the reduction of such defects through recombination. It
concluded that the recombination of close vacan
interstitial pairs and the long-range migration of interstitia
are enhanced during irradiation and, hence, such defects
reduced during prolonged irradiation.
3237Kawasuso et al.
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