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Annealing processes of vacancy-type defects in 3 MeV electron-irradiated and as-gH>®iC6

have been studied by positron lifetime spectroscopy. Vacancy-type defects giving rise to a positron
lifetime of 183 ps were detected in as-gromtype specimens. They were found to be annealed at
around 1400 °C and were related to silicon vacancies, possibly complexes of silicon vacancies and
nitrogen atoms. Defects related to carbon vacancies, silicon vacancies, and divacancies were found
to be created by electron irradiation. The defects related to carbon vacancies and divacancies were
found to be annealed up to 500 °C. The defects related to silicon vacancies were found to be
annealed at around 750 and 1400 °C. The former annealing stage was inferred to be due to migration
of silicon vacancies to internal sinks or nitrogen atoms to form complexes of silicon vacancies and
nitrogen atoms. The latter annealing stage was explained as due to annihilations of the complexes
as well as the case of as-grown specimens.196 American Institute of Physics.
[S0021-89706)06422-5

I. INTRODUCTION levels atE-—0.35 eV,E-—0.57 eV (or E.—0.60 eV) and
E-—1.10 eV were found to be generated due to electron

than those of silicoriSi); wider band-gap width, higher satu- irradiation at room temperatufe? Zhanget al. reported that
rated electron drift velocity, higher break down voltdge. each of former two levels was composed of close two levels

This material also has a higher radiation resistance than $yhich were termed E1/E2 and E3/E4, respectively. Balland-

owing to the higher atomic displacement energy. Thus, sjc@vich and Violina showed that above three levels aqnihilated
is a promising material for power devices used in extremélue to the annealing up to 1100 ‘CEarly PL studie¥™®
conditions such as high temperature and radiation envirorshowed that a series of luminescence lines designated
ments. Recently, large size of crystals, especiatlyahd 4H were observed in @, 4H, and &H-SiC crystals due to the
polytype1 are Commercia”y supp”ed accompanying with theannea.“ng at 1000-1300 °C fOIIOWing electron or ion irradia-
development of crystal-growth technique. However, variougion. TheD; luminescence was reported to persist even after
kinds of defects are frequently found even in as-grown stat¢he annealing at 1700 °C. Partick and Chdykeposed that
To improve the quality of SiC crystals as device materialsthe D, luminescence was related to pure defect complexes,
harmful defects should be reduced. Clarification of the propsuch as divacancies, since its intensity increased irrespective
erties of intrinsic defects seems to be a primary importancef irradiated ion species. To identify defect species intro-
since they are likely to be formed in crystal-growth processesluced by irradiation, several ESR studies have been per-
due to a deviation from chemical stoichiometry. Properties oformed. Balona and Loubs@rshowed that six kinds of ESR
intrinsic defects in SiC have so far been studied with variousactive centers were generated due to 0.8 MeV electron irra-
methods, such as electron spin resongiix®R), photolumi-  diation at room temperature. They proposed that three of
nescence(PL), deep-level transient spectroscofLTS), them were related to positively charged, neutral, and nega-
mainly combined with fast particle irradiation. Many works tively charged carbon vacancies, the two of them were re-
have suggested that silicon and carbon monovacancies afgted to positively and negatively charged carbon divacancies
also the Frenkel pairs are stable at room temperature as mesind one of them was not identified. They also reported that
tioned below. This is quite different from the case of Si andihe annealing temperatures of those centers depended on
intriguing from the view point of defect physics. their charge states. Their defect identifications were based on
The results in the previous works oi6SiC were sum-  an assumption that silicon vacancies were mobile at room
marized as follows: Zhangt al*® found that acceptor-like temperature. It is, however, quite contrary to the case of
levels atEc—0.62 eV andEc—0.64 eV, termed Z1/72, 3C-SiC in which both silicon and carbon vacancies are
which remained even after the annealing at 1700 °C existegiaple at room temperatute?Vainer and II'in* found that
in as-grown Lely crystalsiHere, E¢ denotes the energy of ESR centers designated P12 were generated due to neutron
the bottom of the conduction bandihe concentrations of jradiation in nitrogen doped 16-SiC. They attributed the
those levels were found to increase due to electron or 012 center to complexes of silicon vacancies and nitrogen
irradiation. In addition to Z1/Z2 levels, three kinds of deep 5ioms. It was suggested that the centers could be correlated
with the D, luminescence since the centers showed a similar
aEectronic mail: ak@takamads.taka-jaeri.go.jp thermal stability to that of th®, luminescencé® However,

Silicon carbide(SiC) has higher device performances
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it is contrary to the proposal by Partick and Choyke as menand 0.5-0.3%, respectively, from a measurement of an unir-
tioned above. The photo-ESR study of quenched-in defectsadiated floating-zone grown Si crystal. Those components
in 6H-SIC by Vainer and II'if* suggests that divacancies seem to come from the positron annihilation in the titanium
are introduced due to the quenching from 1900 to 2450 °Cfilm and in sodium, respectively. To check the validity of the
Pensl and ChoyKe proposed that the Z1/Z2 acceptor level is source components we analyzed various semiconductors and
originating from the divacancies since the level and the diimetals using the source components and obtained the bulk
vacancies have a series of correlations in their generation arifietimes which agreed with those reported in the previous
properties. Thus, a number of extensive works have beeworks!® After subtracting the source and background com-
performed to clarify the properties of radiation-induced de-ponents, a lifetime spectruin(t) was decomposed into two
fects in 8H-SiC. Those works indicate that vacancy-type de-lifetime components using a computer program named
fects have important roles in irradiated and also in as-growmATFIT-8822

SiC.

Positron annihilation spectroscopy is a powerful tool to LO=(/r)exp—tin)+ o/ n)exd ~try). (1)
detect vacancy-type defects in crystalline soltiRecently, Here, 7 are the lifetimes andl; are the intensities
this method has also been applied to the defect studies i1+ 1,=1). Average positron lifetime is defined as
SiCl” Puff et al X reported that a lifetime component related _

: : () =l1m1+ 1575, 2
to vacancy-type defects was found irH6 and 4H-SiC
grown by chemical vapor deposition. Gireaal!®and Rem-  This quantity is sensitive to the change in positron lifetime.
pel et al 2! investigated the annealing behavior of averagen the frame work of the two-state trapping modéh which
positron lifetime for electron-irradiated-6-SiC. Their work ~ Positrons are assumed to annihilate through the bulk state or
revealed three annealing stages at 150-500, 1400—1500, afft¢ trapped state at vacancy-type defects, the lifetimpesd
1700-2900 °C and one “negative” annealing stage at 100072 have following physical meanings:

1100 °C. Girkaet al. tentatively assigned the former stages 1

to the annihilations of the Frenkel pairs and complexes of 7=
silicon vacancy and nitrogen atoms. The negative annealing
stage was _explaineo_l in_ terms of cluste_ring of \{acancies. Al- =1y, (4)
though their results indicate important information about an- . . o o
nealing behaviors of vacancies, the identification of defect&!€r®: 7 i the positron lifetime at the bulk which is deter-

seems not to be complete since decomposition of lifetimdnin€d to be 1362 ps from a measurement of an unirradi-
spectra were not carried out ated p-type specimeng, the positron lifetime at vacancy-

In this work, to identify vacancy-type defects in type defects, ana the net positron trapping rate due to the

()

rgl+K’

electron-irradiated and as-growrHeSIiC in detail, we car- defects:
ried out positron lifetime measurements, which enabled to l, .
distinguish vacancy-related components, combined with iso- <=1~ (g7—727). ()

chronal annealing. We also performed PL measurements to _ _ ' .
reveal the correlation between tiiy, luminescence center The trapping rate is usually proportional to the concentration
and vacancy-type defects. of defects Cy) and specific trapping ratgu):

k=uCy. (6)

) ] ] _The validity of the analysis based on the two-state trapping
Specimens used in this work were cut from modifiedmoge| can be checked by the difference betwegneter-
Lely-grown n-type (nitrogen-dopefland p-type (aluminum-  ined by Eq.(1) and that calculated by Eq3).
doped 6H-SiC wafers oriented to axis with a thickness of PL measurements were performed at 4.2 K using He-Cd

300 um. All the wafers were commercially supplied by Cree |aser with lines at 325 nm. The spot size of the excitation
Research Inc. The carrier densities at room temperature ¢fger light was about 10@m.

each conduction type of specimen were 518! and
1.8x10'™ cm™3, respectively. The specimens were irradiated
with 3 MeV electrons at a fluence ofxt0'’ e /cm? at
around 60 °C using a dynamitron accelerator in Japan Figure 1 shows the positron lifetime spectra for as-
Atomic Energy Research Institute. Isochronal annealing wagrown p-type andn-type, and irradiatech-type specimens.
performed in the temperature range between 75 and 1500 °The lifetime of the as-grown-type specimen is found to be
for 5 min in a dry argon ambience. slightly longer than that of the as-growmtype specimen.
About 6x10° Bq of 2NaCl was deposited onto a tita- The lifetime of then-type specimen increases after the elec-
nium thin film with a thickness of Zum as a positron source. tron irradiation. The lifetime spectrum for the irradiated
It was sandwiched by two specimens and positron lifetimep-type specimen was similar to that for the as-grgwtype
measurement was carried out using a conventional fast-faspecimen. Table | summarizes the results of the two-
spectrometer with a time resolution of about 200 pscomponent analysis using Edl). For the unirradiated
(FWHM) at room temperature. Aboutx8L0° counts were p-type specimen, the two-component analysis was not avail-
accumulated in each spectrum. The source components weable, and hence only one lifetime component was obtained. It
determined to be 140 and 520 ps with intensities af4%  allows us to conclude that the lifetime component is related

Il. EXPERIMENT

IIl. RESULTS AND DISCUSSION
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to the positron annihilation at bulk. The lifetime of the
p-type specimen does not increase significantly after the
electron irradiation unlike to the case of thaype specimen.
The average lifetime of the as-growmtype specimen is
about 7 ps longer than that of the as-grop#type specimen.
For this specimen, the second lifetime component of 183 ps
with an intensity of 45% is obtained. After the electron irra-
diation, the average lifetime of thetype specimen is found

to increase by about 35 ps. The lifetime and the intensity of, 5 , posiron lifetimes.
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and 7,, and intensityl , for as-grownn-type

the second component also increase to 210 ps and 65%, I§secimen as a function of annealing temperataf¥. denotes the lifetime
spectively, due to the irradiation. Thus, the positron lifetimecalculated by Eq(3).

depends on the conduction type of specimen. This will be

discussed later. Now, we show the annealing behavior of the ) .
the as-growm-type specimen and the defects disappear at

positron lifetime for then-type specimens.

Figure 2 shows the annealing behaviors of the lifetimeground 1400°C.. N
Theoretical positron lifetimes at a carbon vacancy, a sili-

7, and 7, and intensityl , for the as-growm-type specimen.
Here, 1™ denotes the lifetimer; calculated from Eq(3).
The lifetime 7; agrees well with the lifetime]™ assuring the

con vacancy, and a divacancy iHéSiC were calculated to
be 150, 183, and 214 ps, respectively, by Broeieal 2> The

validity of the analysis based on the two-state trappindifétime 7, observed for the as-growmtype specimen coin-
model. Thus, the lifetimes; and 7, are related to the posi- cides with the theoretical lifetime at a silicon vacancy. This

tron annihilations at the bulk and vacancy-type defects, re

spectively. The lifetimer, seems to be nearly independent of in this type of specimen. The ESR study by Iteha

suggests that defects related to silicon vacancies are present
|.11,12

annealing temperature. The intensityis found to decrease Showed that pure silicon vacancies i€-3$iC became mo-

to the detection limit at around 1400 °C. Figure 3 shows the
annealing behavior of the trapping rate calculated using Eq.
(1). The trapping rate is also found to decrease to the detec-

tion limit at around 1400 °C(This is a consequence of - —— — T
I,—0.) Above results show that only one kind of vacancy- 'g ab .
type defects acting as positron trapping centers is present in :
[
< 2 -]
4
TABLE 1. The lifetime and intensity obtained from the two-component g
analysis and average lifetime calculated by E2). for as-grown and as- a 1
irradiated specimens. &
Eo s b b A
_ gl 7 I (1) 0 500 1000 1500
Specimen (P9 (P9 (%) (5] ANNEALING TEMPERATURE (’ C)
As-grownp type 136 136
Irradiatedp type 138 138
As-grownn type 110 183 45 143 FIG. 3. Trapping ratex responsible for the defect componésécond life-
118 210 65 178 time) for the as-growm-type specimen as a function of annealing tempera-

Irradiatedn type

ture.
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bile at around 750 °C. Balona and LoubSeshowed that an 100 ————T—7 T+ T T
ESR spectrum designatdd in 6H-SiC disappeared due to
the annealing at 750 °C. Although tRespectrum was origi-
nally attributed to carbon divacancies, Itehal! proposed
that the center was related to pure silicon vacancies since the
spectrum showed similag-tensor and hyperfine coupling
constant to those of the silicon vacancies i@-SiC. The
positron annihilation centers observed for the as-grown
n-type specimen have considerably high thermal stability as
compared to that of pure silicon vacancies. Thus, we propose
that the positron annihilation centers are not related to pure
silicon vacancies but related to silicon vacancies combined
with impurity atoms, possibly complexes of silicon vacan-
cies and nitrogen atoms. Probably, mobile silicon vacancies
which are thermally formed in crystal-growth process com-
bine with high content of nitrogen atoms to form the com-
plexes. The complexes may be frozen into crystal during
cool down process.

The complex is analogous with center in Si(complex
of a vacancy and a phosphorus ajowhich acts as a deep
single accepto?? If we simply assume that the complex of a
silicon vacancy and a nitrogen atom also has an acceptor
level within the band gap and hence charges as single nega-
tive in n-type specimen, the specific trapping rate of the
complex for a positron may be of similar order to that of the
E center(i.e., 13°s™ 1? since the dielectric constants of Si
(11.9 and &H-SiC (10.0 is similar to each other. The con- o 500 1000 . _1s00

. . . ANNEALING TEMPERATURE (" C)

centration of the complexes at as-grown state is estimated to
be of the order of 18 cm™2 using the trapping rate shown in
Fig. 3 and Eq(6). This indicates that high content of vacan- g, 4. positron lifetimes; andr,, and intensityl, for the n-type specimen
cies exist at high temperature where crystal growth is takeiradiated with 3 MeV electrons at a fluence 0£10" e /cn? as a function

place. of annealing temperaturel™ denotes the lifetime calculated by E@).
Figure 4 shows the annealing behaviors of the lifetimes
7, and7,, and intensityl , for the irradiatech-type specimen.
It is found that the lifetimer, shortens as 210 ps200 nent, which gives a lifetime close to the bulk lifetime, mixes
ps—189 ps—183 ps due to the annealing at around 100, 200fo the first lifetime component. Probably, the component
450, and 750 °C, respectively. The intensityis found to comes from defects related to carbon vacancies since the
decrease to the detection limit at around 1400 °C. This antheoretical positron lifetime at a carbon vacari&$0 ps is
nealing behavior is similar to that observed in the as-growrclose to the bulk lifetimeg136 p3. In the case that an addi-
n-type specimen. tional component mixes to the first component, the trapping
The atomic displacement energy foHESIC was deter- rates responsible for the mixed component and the second
mined to be 21.8 eV by Barrgt al?® The value of atomic component, respectively, are given by
displacement energy was reported to be almost the same for

INTENSITY (%)

LIFETIME (ps)

-1 -1
TC i PY % Bl P

both Si and C sublattic€. Thus, from an elemental theory of K= , 7
radiation damagé the mean energy of primary knock-on ST T

atom(PKA) is estimated to be approximately 100 eV in the I, rgl— 7.271_ | 17.51(1_ TlT;l)

case of 3 MeV electron irradiation and hence at most one or KZZE . - Tngl , (8

two atoms will be displaced by PKA. Total number of dis-
placement atom is estimated to be of the order df tth™®  instead of Eq(3 Here,k; and rg are the trapping rate and

in the present electron fluendéx10'” e/cnf). The above the lifetime, respectively, responsible for the mixed compo-
arguments allow us to think that silicon vacancies, carboment. Figure 5 shows the annealing behavior of the trapping
vacancies, Frenkel pairs, and small amount of divacanciesates x; and «, calculated under the assumption that the
are directly created by the irradiation. The lifetimgseems mixed component is caused by defects related to carbon va-
to be a weighted average between defects related to silicarancies(7s=150 p3g. It is found that the trapping rate;
vacancies and divacancies since the lifetime varies betweeatecreases at around 75 and 300 °C and reach the detection
the theoretical lifetimes at a silicon vacancy and a divacancyimit at higher temperature. This result shows that defects
as mentioned above. Here, it should be noted that the liferelated to carbon vacancies are annealed at those tempera-
time 7; deviates from that expected from the two-state traptures. Such an annealing behavior is similar to the previous
ping model below 500 °C. This shows that another comporesults by ESE for p-type 3C-SiC in which carbon vacan-

).16
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FIG. 5. Trapping ratek; and «, responsible for the one defect component
(mixed into the first lifetimg¢ and the other defect compongistcond life-

time), respectively, for irradiated-type specimen as a function of annealin . . . . . -
tem;eratﬁre y ype sp 9 the migration of pure silicon vacancies. Mobile silicon va-

cancies seem to annihilate at sinks or to form complexes of

silicon vacancies and nitrogen atoms. After the annealing at
cies were suggested to annihilate between 100 and 300 °@50 °C, the trapping rate, is higher than the trapping rate
The above annealing stages may be explained by recombinger the as-grownn-type specimen which was attributed to
tion between carbon vacancies and mobile interstitials, reeomplexes of silicon vacancies and nitrogen atoms. This also
combination of the close Frenkel pairs and/or migration ofsupports that excess complexes of silicon vacancies and ni-
carbon vacancies to internal sinks. Possibly, the lowirogen atoms are formed due to the annealing at around
temperature stage is responsible for the recombination pré?50 °C following irradiation. Accompanying with the an-
cesses, and the high-temperature stage for the migration proealing at 750 °C, the lifetime, decreases from 189 to 183
cess. ps. Probably, this reflects the fact that the size of effective

The trapping ratec, is found to drastically decrease at open volume of complexes of silicon vacancies and nitrogen
around 100, 200, and 450 °C. As shown in Fig. 4, the life-atoms is slightly smaller than that of pure silicon vacancies.
time 7, approaches the lifetime at silicon vacancies accomThe weak annealing stage at around 1050 °C may be corre-
panying with the annealings. These results show that defectated with that for the DLTS levels observed by Ballandov-
related to divacancies annihilate up to 450 °C, and the reich and Violina as mentioned abo@resent result suggests
maining component is caused by defects related to silicothat a small part of complexes of silicon vacancies and ni-
vacancies. This seems to be somewhat peculiar since div&rogen atoms disappear at the stage. However, the detailed
cancies is thought to be more stable than silicon vacancieprocess for the annealing stage is not clear at present mo-
Defects related to divacancies are considered to promptlynent. The annealing stage at around 1400 °C shows that the
reach the detection limit through recombination with intersti-residual complexes of silicon vacancies and nitrogen atoms
tials at low temperature. It is probably due to the following diminish at the stage. It is consistent with the conclusion for
reasonsi(i) The concentration of divacancies is lower thanthe as-grownmn-type specimen. Girkat al® also reported
that of silicon vacancies and/@ir) most divacancies involve that complexes of silicon vacancies and nitrogen atoms were
interstitials at fairly close site. Those arguments are based oannealed at around 1400 °C. Probably, the complexes disso-
the fact that the energy of PKA is too low to cause largeciate to silicon vacancies and nitrogen atoms. The mobile
cascade damage in the case of 3 MeV electron irradiation asilicon vacancies will disappear at internal sinks or at surface
mentioned above. Although the former explanation seems tof specimen. Present result shows that no vacancy clustering
be contradict to the drastic decrease in the trapping<ate  occur even when the complexes dissociate. Probably, this is
to 500 °C, it may be explained as the large specific trappindpecause silicon vacancies disappear with repeating dissocia-
rate of divacancies due to the Coulomb attraction as distion and association with nitrogen atoms due to the high
cussed later. content of nitrogen atoms.

The trapping rate, slightly decreases at around 750 and Figure 6 shows the PL spectra for the irradiatetipe
1050 °C, and ultimately reaches to the detection limit atspecimen after the annealing at 1000 and 1500 °C, respec-
around 1400 °C. Considering the ESR studies where purgvely, for 5 min. As seen in the figure, th2, luminescence
silicon vacancies become mobile at around 750 °C as meriines at 472.0, 479.0, and 482.5 r(aenoted by 4, L, and
tioned above, the annealing stage is concluded to be due to;) were observed. Those lines were related to no-phonon
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transitions corresponding to the three inequivalent sites ofelated to carbon vacancies, divacancies and silicon vacan-

6H-SIC® The luminescence was not observed in as-<ies were found to be introduced by 3 MeV electron irradia-

irradiated state. It is also found that the intensity of the lu-tion in n-type specimen. The former two types of defects

minescence increases with increasing annealing temperatungere found to disappear up to 500 °C. Probably these are

The D, luminescence is proposed to be related to divacanmainly due to the recombination with mobile interstitials.

cies as shown above. However, no evidence for the formaSome part of defects related to silicon vacancies were found

tion of divacancies was found after the annealing abovéo disappear due to the annealing above 750 °C and to ulti-

1000 °C as mentioned above. Present results also show thaiately diminish at around 1400 °C. The former annealing

the luminescence could not be correlated to defects related giage was attributed to migration of silicon vacancies to in-

silicon vacancies since they annihilate up to 1400 °C. Furternal sinks or to nitrogen atoms forming complexes of sili-

ther, it may also be pointed out that the Z1/Z2 DLTS levelscon vacancies and nitrogen atoms. The latter one was attrib-

could be correlated to neither divacancies nor defects relatagted to the disappearance of the complexes. No vacancy-type

to silicon vacancies since the levels are reported to be stabliefects were detected in thpetype specimen even after the

even at 1700 °G3 electron irradiation. This may be interpreted in terms of the
Present results indicate that complexes of silicon vacanpositively charged defects. PL measurements have also been

cies and nitrogen atoms giving rise to a lifetime of 183 psperformed to elucidate the correlation between vacancy-type

exist in the as-grown-type specimen, while no such defects defects and théd; luminescence which was attributed to

which act as positron trapping centers are present in the aslivacancies in the previous works. However, present results

grown p-type specimen. One possible explanation for theshow that the luminescence center is not related to vacancy-

result is that in thep-type specimen silicon vacancies hardly type defects, such as divacancies, silicon vacancies, and

form complexes with aluminum atoms since aluminum at-complexes of vacancies and impurities.

oms occupy silicon sublattice. Alternatively, it is interpreted
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