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Positron lifetime spectroscopy is used to detect vacancy-related defects in as-received and 12-MeV proton-
irradiated 64-SiC crystals. We can infer from the temperature dependence of the lifetime spectra decomposi-
tion that neutral and negatively charged vacancy defects exist in crystals before and after proton irradiation at
low fluence €4x10"® H" cm 2). Neutral vacancies are detected after irradiation at high fluercé (

X 10 H* cm™?). Negatively charge¥; silicon monovacancies with 2628 ps lifetime are detected at low
temperature in as-receivatttype 6H-SiC and after irradiation at low fluence. Neutndk;.c divacancies
associated with the (2255)-ps lifetime are produced by irradiation and dominate the positron trapping at
room temperature. In addition, different types of ionic acceptors are detected. One of them acts as a strong
trapping center even at room temperature.
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[. INTRODUCTION open volume. The positron lifetime is thus sensitive to the

size of the open volume of the defect. In addition to vacan-
Silicon carbide is a promising semiconductor material.cies, a positron can be trapped at shallow hydrogenic states
With its wide band gap and fast switching times, SiC is suit-associated with negative ions. Their lifetime is the same as
able for high-power and high-frequency electronics anche lifetime in a lattice. The temperature range of trapping at
high-temperature applications. SiC occurs in differentnegative ions depends on their positron binding energy and

polytypest The hexagonal B and 64 polytypes are the ©ON their concentration. This trapping at shallow hydrogenic
most important for microelectronic applications. In this studyStates associated with negative ions leads to a decrease of the

we concentrate on thets- SiC polytype, which is the easiest frai:tiotr;]_of posli(trons trapped f[‘t vatlz_?nt(_:ies. . .
one to produce in good quality. Yet it remains a difficult h n t'S.WOtrh we use pdosfl r(?[n ..:‘fsl.rge spe;: roicopyf 0
material to fabricate. Earlier studies clearly show that grovvthC aracterize the vacancy detects | I%-as a function o

at temperatures far above 1000 °C induces defects that inev?—Oplng both in the as-received state and after proton irradia-

tablv survive to lower temperaturddhis results in a sianifi- tion. The measurement of positron lifetime as a function of
y P ' 9 crystal temperature allowed us to identify different defects

cant defect conce_ntration in t.he as-grown materi_al, and evel 4 to determine their charge state.

more defects are introduced in processing techniques such as

ion implantation. Defects in the different polytypes of SiC

have been studied by different techniques, including deep- Il. EXPERIMENTAL DETAILS

level transient spectroscopy, electron spin resonandé,

and positron annihilation spectroscapy® In 6H-SiC, hy-

drogen implantation is used for passivatiSrgoping?’ and The 22 crystals of % 5% 0.3 mn?t measured in this study

the Smart Cut proces&:2° The nature and the electrical role were cut from commercial Cree Resear@®01) oriented

of the defects that are induced in these implantation techéH-SiC single crystal wafers. Both nitrogen-dopedype

niques are still being discussed. Further work is needed t66H-SiC:Nn=1.9x10" cm %) and  aluminum-doped

identify the defects both in as-received and irradiatedp-type (6H-SiC:Al,p=1.6x10®cm 3) crystals were in-

6H-SIC. vestigated either in the as-received state or after 12-MeV
Positron lifetime spectroscopPLS) is a powerful tech- proton irradiation(Table |). Irradiations were performed us-

nique for investigating the atomic structure and charge statdgg a variable energy cyclotroi€ERI-Orleans, Francewith

of the defect£%2! Positrons get trapped by neutral and negafluences varying by two orders of magnitude frors 204 to

tively charged vacancies and annihilate in associated locahx 10'°, 4x 10 and 7.8<10** H* cm 2. The particle

ized states. As positron lifetime is inversely proportional tobeam was roughly parallel to theaxis of the 61-SiC lat-

the overlap of positron and electron densities at the annihitice, and the flux was fixed to 2610 H* cm 2 s %. The

lation site, the lifetimer, at the vacancy increases with the temperature was maintained at 300 K during irradiation by

A. 6H-SIC crystals and 12-MeV Ht irradiation
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TABLE |. Dopant nature, initial doping level, and 12-MeV A 30-uCi ??Na positron source was sandwiched between
proton-irradiation fluences of the SiC crystals studied in this work.two similar crystals. Approximately 2 10° events were col-

The mean positron lifetime and the value*=[(l;/7;) |ected for each spectrum. The lifetime spectra
+(I,/7,)]"* are calculated from the decomposition of the spectra

measured at 300 K. dn(t) I
— g~ e -tin) (1)
Carrier 12-MeV H' Mean :
concentration irradiation positron lifetime were analyzed as sums of exponential lifetime compongnts

Crystal n, p fluence at 300 K T weighted by the intensitids, convoluted with the resolution
and dopant  (cm™) (cm™ (ps) (P9 function. The average lifetime is the center of mass of the
6H-SIC:Al p=1.6x10% 0 145+ 1 lifetime spectrum and can be calculatedms= Z;l;7; .
6H-SIC:Al p=1.6x10"¥%  4x10%® 145+1
6H-SIC:N n=1.9x 10" 0 150+ 1 164 I1l. POSITRON LIFETIME RESULTS
6H-SIC:N n=1.9x10"7 4x10% 168+ 1 184 A. As-received 6H-SiC
OH-SIGN n=1.9x107  4x10° 1981 188 In this section we present the positron lifetime results we
6H-SICIN n=1.9x107  4x 10 207+1 198 Lo et P ¢ doni b o Aot
6H-SICN n=109x107 7 8x 10 200+ 1 oo OPbtained as a function of doping in the as-received state.

1. p-type aluminum-dope&H -SiC
. . . The average lifetime in the four as-growp-type
water cooling. The range of 12-MeV protons if6SiC cal- 6H-SIC:Al crystals is about 145 ps at room temperaiisee

H 2 _
culated with thesrim progrant” has a valueR,=665um.  Tapje ). It remains constant as a function of temperature.

This value is twice the crystal thickness. The 12-MeV pro-ty |ifetime components can be detected. At room tempera-
tons passed thus through the crystal. The number of C and gire, the 7, short component lifetime has the value 140

vacancies produced per incident ion and per depth unit is-5 ps and ther, long component lifetime is 19910 ps and
calculated withsriM as a function of depth TheRrIM calcu- intensity| 2 has the value 2010 %. These Components are

lations have been performed, using as displacement energigfiependent of temperature in the 15—-300-K range.
in the two sublattices the mean values of the threshold dis-

placement energies calculated by molecular dynamics in SiC 2. n-type nitrogen-dope®H -SiC
by Perladoet al: > E4(Si)=75 eV andE4(C)=40 eV. Note

that sSriM does not take into account the recombination pro-erage positron lifetime.,, changes as a function of measure-

cesses that could occur during irradiation. This question Willjant temperaturFig. 2@)]. The average positron lifetime
be discussed in Sec. V. Assuming that the total vacancy corkas the valuer,,= 150+ 1 ps at room temperatuteee Table
centration[ V] is proportional to the H fluence, we can |y when the temperature decreases, it goes through a maxi-

use thesRIM results to calculatgVyy] produced as a function  mum of 156 ps measured at about 457, decreases down
of depth at different fluences. In the range 0—3608 corre-

sponding to the thickness of the"Hrradiated 64-SiC crys-
tals, the concentratiof\V,y] is nearly constant as a function
of depth (Fig. 1. It increases from the value 6.5
x10%cm 3 calculated for the lowest fluence 4
X 10" H* cm™ 2 to the value 1.% 10 cm™ 2 for the highest
proton fluence 7.8 10 H* cm™2 (Fig. 1).

In the four as-received-type 6H-SiC:N crystals, the av-
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B. Positron lifetime experiments

Positron lifetime measurements were performed using
two different  conventional fast-fast coincidence
spectrometerd The first system has a Gaussian resolution
function with a time resolution of 220 g$ull width at half

*
=3
=

o
o

19 1 Crystal thickness

Calculated vacancy concentration (cm

maximum(FWHM)] and has been used to perform lifetime 40x10” -

measurements at 300 K. For the second spectrometer a time

resolution of 250 pgFWHM) can be fitted with two Gauss- Yo A RN S T B

ians. This spectrometer has been used for measurements as i 0 100 200 300 400 500 600 700

function of temperature from 15 up to 300 K. The lifetime
spectra were acquired in darkness as a function of the tem-
perature using a closed-cycle He cryocooler. The crystal tem- FIG. 1. Total concentration of vacancies induced by 12-MeV
perature was first increased in 30-K steps from 15 to 285 Kproton irradiation at 7.8 10 H" cm™2 as a function of depth in
Then it was decreased from 270 to 30 K by 30-K steps.  6H-SiC as calculated bgrim (Ref. 22.

Depth (um)
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FIG. 2. Temperature dependence of the positron lifetime param- Measurement temperature (K)
eters in as-received-type 6H-SiC:N: (a) mean lifetimer,,; (b) ) )
lifetime 7, of the longer componentp) its intensity. The lifetime ~ F1G. 3. Temperature dependence of the 903'”9”_ mean life-
7, of the shortest component is 126 ps at all temperatures. The M€ 7ay in 12-MeV. proton-irradiated n-tyae F"SJEN for
solid lines are guides to the eye different incident particle fluencega) 4xX 10" H* cm 2, (b) 4

X10%H" em™2, () 4x10%H"cm? and (d) 7.8
to 154 ps for the lowest temperatutks K). All the lifetime X 10 H' cm™2. The solid lines are guides to the eye.
spectra can be decomposed into two components. The short
lifetime componentr; is of 140+ 5 ps at room temperature creases monotonically with increasing flueri€able ). The
and remains constant when temperature decreases. The loagerage lifetime increases from,= 150+ 1 ps to 7,,= 209
component lifetime isr,=216+ 6 ps at 300 K.7, decreases =*1 ps at room temperature for the highest fluence of 7.8
with temperature down to a plateau value of 2@@ps mea- X 10 H* cm 2. Whatever the fluence is, the lifetime spec-
sured in the 15-150 K temperature rarigég. 2(b)]. The tra as a function of temperature are always resolved into two
long component intensitl, behaves as the average lifetime. components £;,1;). The decomposition behavior as a func-
I, is of 12+2 % at room temperature and goes through aion of temperature changes with the proton fluence.
maximum of 27-2 % at 45 K[Fig. 2(c)]. |, decreases when After irradiation at the lowest fluence of 4

temperature decreases between 45 and 15 K. X 10" H* cm 2, 7, depends on temperatuf€&ig. 3a)].
From the value 1661 ps at 15 K,r,, goes through a maxi-
B. 12-MeV proton-irradiated 6 H -SiC mum of 172-1 ps measured at 55 K. Then,, reaches

167.51 ps at 200 K and remains constant up to room tem-
perature. The two exponential components resolved in the
spectra have different temperature dependences. The short
1. p-type aluminum-dope@H-SiC lifetime component is about 1466 ps a’F 300 K and remains
constant when temperature changes in the 15-300 K range.
In proton-irradiatedp-type 6H-SiC:Al crystals, the aver- The |ong lifetime component, decreases with decreasing
age positron lifetime is independent on the fluence at least Ukmperature by 12 ps from the value 228 ps at room tem-
to the irradiation fluence of 4 10'° cm 2. The decomposi- perature to the value 232 ps at 15 K[Fig. 4@)]. The long
tion remains identical to the one measured in the as-recelveébmponem intensity, behaves as the average lifetime. It
state. The spectra are independent of temperature. has a value of 323 % at 300 K and when temperature
decreases$, goes through a small maximum of 42 % at
55 K [Fig. 4(b)]. |, reaches the value 343 % at 15 K.
In 12-MeV proton-irradiateah-type 6H-SiC:N, the aver- After irradiation at 4< 10" H* cm™ 2 fluencer,, has the
age positron lifetime measured at room temperature invalue 19G-1 ps at 15 K. With increasing temperature, it

In the following we examine the lifetime results as a func-
tion of doping in 8H-SiC after 12-MeV proton irradiation.

2. n-type nitrogen dope®H -SiC
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goes through a maximum of 193 ps around 90 K and reaches2 % and remains approximately constant when tempera-
198+ 1 ps at room temperatuf€ig. 3(b)]. The two exponen- ture decreasdgtig. 4(f)].
tial components resolved in the spectra have different tem- After irradiation at the highest fluence of 7.8
perature dependence. The short lifetime component is ok 10 H* cm™? the average lifetime increases with increas-
about 14@-5 ps at room temperature and remains constaning temperature by 2 ps from 2671 ps at 15 K to 209
when temperature changes in the 15-300-K range. The long 1 ps at 300 K. Both lifetime components resolved in the
lifetime component isT,=226+2 ps at room temperature spectra remain constant as a function of temperature in the
and decreases to 21@ ps at 15 K[Fig. (40)]. The long 15-300-K range. The short lifetime; is of about 140
lifetime component intensity, shows the same features as +5 ps. The long component, has a value ofr,=226
the average lifetim¢Fig. 4(d)]. At room temperaturé, has  + 2 ps at room temperature and intensify- 82+ 1 % [Figs.
the value 673 %. When the temperature decreasgsle-  4(g) and 4f)]. 7, andl, remain constant when temperature
creases to a minimum of 622 % at 15 K going through a decreases.
small maximum of 642 % around 90 K Fig. 4(d)]. In summary there are two types of temperature depen-
After irradiation at 4<10H* cm 2, 7., increases dence for the average lifetime in the irradiateetype
monotonically with increasing temperature. At 15 K the 6H-SiC crystals depending on the proton fluence. There is a
value is 7,,=204+1ps (see Table )l and reaches 207 maximum after low fluence irradiation atx410'* and 4
+ 1 ps at room temperatuf€ig. 3(c)]. The decompositionis x 10 H" cm 2. For all fluences there is a slight increase
slightly temperature dependent. The short lifetime compowith increasing temperature after high fluence irradiation at
nent is of about 1485 ps and remains constant when the4x 10 and 7.8<10'® H" cm 2. The short lifetimer; is
temperature changes in the 15-300-K rangeslightly de-  of about 14&5ps at 15 K and remains constant when
creases with temperatuf€ig. 4(e)] from 7,=229+2ps at temperature increases in the 15-300-K range. Depending on
room temperature te,=225+2 ps at 15 K. At room tem- the fluence, the values af, at low temperature, 15 K, vary
perature the long lifetime component intensityis I,=74  from 213+2 ps for the lowest fluence irradiation at 4
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X10" H* cm? to 226+ 2 ps for the highest fluence irradia- B. n-type nitrogen-doped €H-SiC

tion at 7.8< 10 H* cm 2. Whatever the proton fluence is, 1 as-received n-type nitrogen-dop&H - SiC: 1.9 1017 cm3
the 7, lifetime is 226+ 3 ps at room temperature. The long
component intensity, obtained at 300 K increases with in-
creasing proton fluence froly=32*=3 % at the low fluence
of 4x 10 H' cm 2 to 822 % at the high fluence of 7.8
X 10 H* cm™ 2.

In the temperature range from 15 to 300 K, the average
lifetime in as-received-type 6H-SiC is longer than the 140
ps lifetime characteristic of annihilation in theH6SiC lat-
tice, indicating that vacancy defects are present in the crystal.
The values 7 (T)=[1(T)/7(T)+1,(T)/7»(T)]"* calcu-
lated at all temperatures from the spectra decomposition are
much longer than 140 ps, indicating that positrons are
IV. DISCUSSION trapped in different types of defects.

The existence of various types of vacancy defects is
learly displayed in Figs.(2) and 2Zb) by the variation of
he average lifetime,(T) and of the long lifetimer,(T) as
a function of temperature. In Fig(l? the decrease of,(T)
with decreasing temperature reflects that temperature induces
strong variations in the trapping raté&s= u;c; of the va-
cancy defects constituting the distribution. The changk;in

In the temperature range from 15 to 300 K, the averagevith temperature can result from a change in the defect con-
lifetime in as-received highly dopepttype 6H-SiC is 5 ps  centrationc; with temperature and/or from a change in the
longer than the 140-ps lifetime characteristic of annihilationtrapping coefficienfu; with temperature. The concentration
in the 6H-SIC lattice as calculaté®?*?° or measured by of defects can vary in a semiconductor as a function of tem-
different author$>*326-30|¢ indicates that vacancy defects perature when the Fermi level crosses one of their ionization
are present in the crystal. The decomposition suggests thigvels. The as-received SiC:N wafer used for this study is
the lifetime value arising from annihilation in the vacancy highly dopednp—na=1.9x 10" cm™2. The electron levels
defect is 196:10 ps. As described in Ref. 31, the value are filled up to the nitrogen ionization level Bt —0.2 eV.
P (T)=[1(T)/ 7(T) +1x(T)/7o(T)] "t is equal to the life- As the temperature changes, the Ferm! level remains nearly
time characteristic of annihilation in the lattice when a mode(constant in a so highly doped SiC material. Consequently, we
with only one vacancy-type defect can be used to describgan assume that the chfirge state of defects is constant as a
positron trapping. In the-type material,7 (T) calculated function of temperature in the 15-300-K range. We are left
from the spectra decomposition has the value 148 ps and conclude that the temperature dependengd) reflects

temperature independent’ (T) is longer than 140 ps, indi- the presence of at least two types of vacancy defects.
. ) ’ ST ' A vacancy defect with a long lifetime longer or equal to
cating that positrons are trapped in different types of defects.2 1

- 6+ 5 ps is detected at room temperature. A smaller one
The decomposition shows that at all temperathire short . with a shorter lifetime of 202 8 ps is detected at low tem-

o . S erature. The trapping coefficient of vacancy defects is
annihilation. As shown in Ref. 31, such behavior in the preseEnOerJ] to increase?/vpilthgthe siz:a Iof the Va\izancy ge*%é’tln I

ence of trapping at vacancy-type defects can be attributed tQ-qer to compete with the trapping in the largest defect, the
positron trapping at negative ions. trapping coefficienu at the smallest defect has to increase
The comparison of the lifetime at the vacancy-type deyyhen temperature decreases. This property is fulfilled for
fects with values calculated int6-SiC (Ref. 25 suggests negatively charged defects where the trapping coefficient
that the lifetime is due to a monovacancy. In this highlyfrom the lattice to the deep localized states are known to
Al-doped material, these vacancies are still neutral or negachange inT~ 232 We propose that the decrease in the
tively charged since they are detected by positrons. Thisifetime observed at low temperatutécom around 150 K
property suggests that they are vacancy-Al complexes. Tharises from trapping at negatively charged vacancies. The
negative ions in this highly Al-doped material can be the Allifetime characteristic of annihilation at negatively charged
acceptors. However, another type of negative ion cannot beacancies is equal to the plateau value of 2028 ps mea-
excluded since, as seen below, trapping at negative ions &ured in the 15-100-K range. The lifetime value, 216
also detected im-type 6H-SiC. +5 ps, measured at room temperature is due to trapping at
In proton-irradiatedp-type SiC crystals, the average pos- neutral vacancy defects.
itron lifetime remains at the as-grown value at least up to the The 7, short lifetime measured around 140 ps in the as-
irradiation fluence of & 10* cm~2. Data showing that the receivedn-type crystals has the same value as the lifetime
lifetime starts to increase at higher fluences will be publishe¢haracterizing the annihilation in the-#6SiC lattice. As de-
and discussed elsewhefeThis fluence effect suggests that scribed in Ref. 31, it suggests that positrons are trapped at
in p-type material the irradiation-induced vacancy defects aréegative ions. These negative ions, which are detected up to
probably in a positive charge state, when the Fermi level isoom temperature, are referred Ag,,«. The trapping at
close to the valence band. It is well established that suckhese negative ions compete with trapping at vacancy defects
positive vacancy defects repel positrons and remaimup to at least room temperature. Such a behavior suggests
undetected® that as it was demonstrated in Ref. 34, &g,  concentra-

In this section we discuss the lifetime results as a function
of doping type both in the as-received and the irradiate
state.

A. p-type aluminum-doped 6H-SiC:1.6X 10" cm™3
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tion or/and its positron binding energy are high. rise to the lifetime 226:4 ps dominate positron trapping at
Moreover, in addition toA;,, ¢ ions, thel, decrease ob- all temperatures.

served when the temperature decreases below 45 K suggestswe notice that the lifetime 2264 ps is detected at room

the existence of other negative ions that act below 45 K antemperature in all the proton-irradiated crystals, whatever the

are referred ad\5 . The nature of these shallow trapsg; « ~ fluence. In addition, it is constant as a function of tempera-

is different from the negative ion&z,, « that trap positrons ture after high fluence irradiation. Such features suggest that

even at 300 K. The positron binding energy Ag  ions this lifetime corresponds to annihilation in a unique type of

or/and theA; , concentration are much lower than that for vacancy defect more than in a distribution of different types
of defects. Furthermore, considering our previous discussion,

we can reach the conclusion that this defect is neutral.
The 7, values at low temperature vary with fluence. The
minimum measured value is 212 ps for the lowest fluence
After 12-MeV proton irradiation, the increase of the aver-of 4x 10 H* cm™2. Consequently, the lifetime of the nega-
age positron lifetime with increasing fluence shows the cretjvely charged vacancy defects that we associated with trap-
ation of vacancy defect§able ). In all the irradiated crys- ping at low temperatures is equal to or shorter than the
tals, the values 7 (T)=[1y(T)/7(T)+1x(T)/72(T)]™"  (213+2)-psvalue. Once we assume the existence of neutral
calculated at all temperatures from the spectra decompositiogng negatively charged defects, the effect of proton fluence
are much longer than the 140-ps value characteristic of aryp the temperature dependence of the lifetirp€T) can be
nihilation in the 8H-SiC |attice, indicating that pOSitronS are gscribed to a ﬂuence_dependent Competition between trap_
trapped by different types of defects. ping at neutral and negative defects. When fluence increases,
In the CryStaIS irradiated at the lowest ﬂuence, the eXiSthe trapping at neutral defects progressive|y overcomes the
tence of various types of vacancy defects is clearly displayeg¢apping at negatively charged defects at all temperatures.
by the variation of the average lifetime(T) as a function  This possibly reflects that the Fermi level drops below the
of temperature in Fig. (@) and of the long lifetimer,(T) in  jonization levels of the small defects after high-fluence irra-
Fig. 4. As we discussed, for the as-received cryst#le  diation. Some EPR measurements suggest a strong reduction
Sec. IVB 1), the decrease af,(T) as temperature decreasesin jonized nitrogen concentration after high-fluence
reflects that temperature induces strong variations either ifgradiation3®
the defect concentratiory and/or in the trapping coefficient As we proposed in Sec. IV B 1 for the as-receivetype
uj. EPR measurements performed by von Bardelebegrystals, the short lifetime values around 140 ps measured
etal®™ have shown that the crystals remain, after 4in all the proton-irradiated crystals is attributed to positron
X 10" H* cm~2 proton irradiation, as type with their elec-  trapping at negative ions. These negative ions are detected up
tron levels filled up to a Fermi level position close to the to room temperature whatever the proton fluence.
nitrogen ionization level atEc—0.2eV. As in the as- The long component intensity, increases below 60 and
received crystals, we can assume that the charge of defectsis K after irradiation at the low fluences o410 and 4
constant as a function of temperature in the 15-300-K rangex 10'° H* cm™?, respectively. The decrease I3 is ob-
So we can conclude that the(T) decrease with decreasing served from 60 and 75 K, respectively. We attribute it to

temperature is due to positron trapping at two types of vaanother type of negative ion than the negative Aggq k-
cancy defects with different sizes and different charge states.

A vacancy defect with a long lifetime=225+5 ps is de-
tected at room temperature and a smaller one with a shorter
lifetime <213+ 2 ps induces the, decrease at low tempera-
ture. On the basis of the arguments used in Sec. IVB1 we In the preceding section, we have seen that the positron
propose that the charge states associated with these two typietime of about 202 ps can be attributed to a negatively
of defects are different. The small defect with lifetimg  charged vacancy defect that is observed at low temperature
<213+ 2 ps, which appears at low temperature, has a negan n-type as-received 8- SiC crystals. The positron lifetime
tive charge state. The larger defects with lifetimg=225  of 225 ps is characteristic of the neutral vacancy-type defects
+5 ps that dominate trapping at room temperature have that are induced im-type 6H-SiC by 12-MeV proton irra-
neutral state. diation. This 225-ps defect dominates the trapping at room
After irradiation at the middle fluence of 4 temperature in all crystals irradiated with different fluences.
X 10 H™ cm™ 2, the 7, change as a function of temperature After irradiation at the lowest fluences another type of va-
indicates also competition between trapping at different vacancy defect is detected at low temperature. This defect is
cancy defects of different size and different charge statesiegatively charged and has a lifetime equal to or shorter than
Neutral vacancy defects with large lifetimes225+5ps 213 ps.
trap the positron at room temperature, whereas negatively Theoretical calculations give quantitative estimates of the
charged smaller defects of lifetimes219+2 ps influence positron lifetimes in various annihilation states. According to
the trapping at low temperature more. the recent results of Staa al,?® the calculated lattice life-
After irradiation at the highest fluences ofx40' and time is 131 ps, which is in reasonable agreement with the
7.8x10% H cm ™2, the lifetime is roughly temperature in- present experimental value of 140 ps. Taking into account
dependent. It suggests that the same vacancy defects givitige relaxations of atoms around vacancfes, lifetime in-

A300 K-

2. 12-MeV proton-irradiated n-typ&H -SiC

V. NATIVE AND 12-MeV PROTON-IRRADIATION-
INDUCED VACANCIES
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crease of a faCtO%/C— )/ 7.=0.05 can be expected for due to the decrease of the trapping coefficient. According to

_ . the calculations performed by Puska, Corbel, and
h ,_— =0.4 f h o ! -~ ) -
the C vacancy and Si 7)/7.=0485 for the Si Nieminer?® for trapping coefficients at different defects in Si

5 . .
vacancy’® When scaled with our experimental valug  he trapping coefficient at 15 K is expected to decrease by a
=140 ps, the theory thus predicts positron lifetimesr@f  factor of about 2 when th¥; charge state changes frorm-2
=147 ps andry =203 ps forVc and Vs;, respectively. to 1- and 50 for the charge change from- 20 03 In the
=203 ps is very close to the experimental values thafollowing we assume that the ratios of the trapping coeffi-
cl:lents for the different types of vacancies ik -&SiC are of
the same orders as the theoretical values given by Puska,
: N . ) ) Corbel, and Nieminefi for the corresponding types of va-
identification of Si vacancies. In this work we propose thatcancy in silicon. Consequently, one can estimate that the

the 202-ps lifetime corresponds to the annihilationVat | .aan trapping coefficient at thé, monovacancy at the tem-
which is in agreement with that reported by Kawasuso,

. erature 15 K
et al’® but slightly lower than the value Mier et al3’ P
' Eurthermore, thg calculatioq predicts that the positron ﬁvSi:(Mv;.[Vgi]+Mvg.[Vgi])/([Véi]Jf[Vgi])
lifetime at Vg divacancies is about 223 pB(ry ' '
—1)/7.=0.594 for the C-Si divacandy® which is very decreases by a factor of about 6 when irradiation fluences
close o the lifetime of the dominating vacancy defect pro-increase to 7.8 10°°H* cm 2. To comment on the second
duced by proton irradiation, 2264 ps. Defects with lifetime ~Process, one need to estimate the divacancy concentrations
222+9 ps, similar to what we obtain in this work, have beenproduced at high proton fluence. Let us notice that\the
observed by Polity, Huth, and Lausmdhafter irradiation ~ concentration determined by EPRs quite high at the value

with 2-MeV electrons at 4 K. The authors suggest that thisL-02<10'® cm™2 for 7.8x10'* H" cm™? fluence. In these
lifetime is due to positron trapping af..g; divacancies. In irradiated crystals divacancies are still able to compete with

3-MeV electron-irradiated 8-SiC at 1.5<10 e cm 2  the Vg concentration even at low temperature, where, ac-
fluence, Kawasuset al?® observed a lifetime of 215 ps at cording to calculations in Si, the ratio of the trapping coeffi-
room temperature. They associated this lifetime to strongientuy_/uye _in 6H-SIC is expected to be higher than 15
trapping atVc g; divacancies formed during irradiation. We at 15 K. It follows that on this basis the concentration of the
propose that thé/c_g; divacancy characterized by the 226 v/ ¢, divacancies produced at &0 H™ cm 2 fluence
*4ps lifetime is produced by proton irradiation and domi- can reach % 10'° cm™3. This value is in the same range as
nates the positron trapping at room temperature. that of the total concentration of vacancies calculated by

In low fluence <4x 10" H*cm 2 proton-irradiated  srim. It suggests that th¥/cg; divacancy is the dominant
crystals, a negatively charged vacancy defect with a lifetime/acancy defect that is created by 12-MeV proton irradiation.
Ty<213 ps competes at low temperature with the 225-psimilar conclusions have been drawn in a study performed
vacancy-type defect. We propose that the trapping at lown 5-MeV proton-irradiatea-type 6H-SiC.*°
temperature arises from a negatively charged Si vacancy. Itis |n SiC the vacancy-interstitial recombination rate during
supported by some positron annihilation experiments perirradiation is still poorly known. It depends on the irradiation
formed under monochromatic light excitation. From theseconditions(temperature, flux, etc. From the present results
experiments, it has been inferred that Si vacancies have iofve can evaluate the total concentration of vacancies that ex-
ization levels aEc—0.6 eV andEc—1.2 eV that have been st under the forms o¥/g; vacancy oV _g; divacancies. It is
associated with2—/1-) and (1-/0), respectively, ioniza- given by the relation [V]e~[Vs]+2[Vesl~2
tions of the isolated Si Vacané%.ln the low-fluence irradi- X]_Olg Cm_3_ This value is about twice the value given by
ated crystalsyg; can thus exist in the 2 charge state since srim calculations and consequently appears to be overesti-
EPR measuremerifshave shown that the Fermi level is lo- mated. It should be noticed that the present estimation relies
cated close to the nitrogen ionization levelkat—0.2 eV. on the EPR value of th¥g; vacancy concentratidhand on

At high fluences=4x 10" H" cm™?, we can consider the estimated value of the ratio of the monovacavigyand
two processes that can explain the absence of detection of thigyacancyV_g; positron trapping coefficients inH-SiC.
negatively charged defect§) The charge state of the213  Assuming that the EPR estimation for tkg; concentration
ps defect becomes more positive as fluence increases, and{gicorrect, we are led to revise the value that can be attributed
(ii) the ratio of production of the 225-ps defect to the pro-to the ratio of the trapping coefficients. A value of 7, still
duction of the$213-ps defect increases with fluence. Con'consistent with theory’ gives a fair agreement between the
cerning the first process, EPR sigrialfiave indeed been sgim calculations of the vacancy concentration and the
assigned to silicon vacancies in the neutral and negativgresent experimental determination. Another conclusion that
charge state only after irradiation at the highest fluencegan be drawn from the present results is that the recombina-
(=1x10'°H" cm™?). tion of vacancy with interstitial seems to be rather low.

The relativeV; concentrations in different states have  As it has been discussed in Ref. 35 thg concentrations
been determined. At 7:810"° H* cm™? fluence theVg; con-  determined by EPR are much lower than the values calcu-
centration is about 1.0210' cm™® and theVg, concentra-  lated withsriM. The authors attributed this difference to the
tion reaches 1.4210' cm 3. The appearance of a more interstitial monovacancy annihilation processes that could
positive charge state induces a decrease in positron trappirggperate at room temperature. Our present results suggest that

Vg
characterize negatively charged vacancy defects observed
n-type as-received crystals (2688 ps), thus supporting the
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the production of divacancies can compete with the recomtwo carbon atoms sharing a silicon site could be the well-
bination process. It has already been reported that positrorkhown DIl defect observed in the four major polytypes of
can detectV g divacancies at 90 K in nitrogen-doped (  SiC by photoluminescenéé** The authors have calculated
=5.4x 10" cm3) 6H-SiC irradiated with 2-MeV electrons the —/2— ionization level of the G (100 defect atE

at 4 K This indicates thal/. s divacancies can be pro- _E —15eVin3C-SiC. They proposed that this defect can
duced at temperatures lower than 300 K even with 2-MeVpe formed via several steps, the first one being the transfor-
electrons. It suggests that the probability to crééges; di-  mation ofVg; in a Vc-Cs; complex. From the cited results it
vacancies in Bi-SiC is high. _ _ appears to be well established that different antisite com-
Furthermore, this work allows us to discuss the |0cat'°“plexes can exist in negative charge states inrttgpe as-
of the V¢.g; divacancy O# ionization level in the €1-SiC  yeceived crystal. The creation of such defects by 12-MeV H
band gap.Vc.s; divacancies have been detected in neutralrragiation can contribute to the trapping of positrons at the
charge states in crystals irradiated at high 12-MeV #- negative ions such as acceptors id-&iC.
ence. In these crystals, as it has been shown by ErffRs Let us discuss here the concentration of the negative ions
Fermi level is located around the/0 ionization level oVs;.  after 12-MeV proton irradiation. The lifetime spectra decom-
We have seen above that the0 ionization level ofVgiis  position leads to the conclusion that, at room temperature,
1.2 eV under the conduction band irHeSIC.** Conse- positron trapping is saturated and can occur either at negative
quently, it can be proposed thilt.g; divacancy Of ioniza-  jons or atV g; divacancies. In these conditions, the trapping
tion level is Iocqted at least 1.2 eV under the CO”dUCt'OWateK(A:,TOOK)/K(VC_SD ratio is equal to the intensity ratio
band of the &i-SiC. I,/1, obtained from the lifetime spectra decompositfoat
room temperature. The intensity ratip/l, is 65/35=1.85 at
low fluence and decreases up to 2848134 at the highest
VI. NEGATIVE IONS fluence. To obtain th€(Azy, )/ C(Vc.s) concentration ratio

In this study, positron trapping at two types of negative©f the two defects, it is necessary to know the value of the
ions Ao and Ay « has been observed both in as-received{f@PPing coefficients of th¥c.g; divacancy and of the nega-

and irradiated crystals. The type,, « is detected at all mea- tive ion. For the trapping coefficient at the neutids; di-

surement temperatures up to 300 K in both as-received angficancy, we assume that it is of the same order- as FQe value
as-irradiated crystals. It follows thah;,,« iS negatively of trapping coefficient for the neutral divacancy in ).

charged in all crystals even in the highest-fluence irradiated 15 K. the valueu5(15 K)=1.14x 10 at. s * can be es-
crystals for which the Fermi level has been found to be atlimated from the experimentally determined trapping coeffi-
tached to the—/0 ionization level of Vg [i.e., Ec—E  cient at the negatN(iI%/ charged Si divacancy in Si,
—1.2 eV orE—E,=1.9 eV(Ref. 38]. Such a type of defect #2 (15K)=4X 1013 at.s ~ (Ref. 43 and from the theoreti-
has also been detected by Polity, Huth, and Lausftann cally calculations?® giving the trapping coefficient _ratlo be-
both as-growm-type (n=>5.4x 10" cm™3) nitrogen-doped fween neutral and negatively charged vacanGies uy
6H-SiC and after 2-MeV electron irradiation. According to = 1/35. Taking into account the fact that the trapping coeffi-
these authors, the negative ions induced by 2-MeV electrofient for the neutral vacancy defect is constant as a function
irradiation survive up to 1740 K. They have tentatively beenof temperaturé? we usesuy_ (300 K)=1.14x10" at.s™*
attributed to antisites. It is interesting to note that these negder the V.. divacancy trapping coefficient at 300 K in
tive ions are also detected in as-growi&5iC crystals. 6H-SiC. Concerning the negative ions, a trapping coefficient
Thus we can infer that they are related to defects that survivef 6.9x10'® s™! has been estimated in electron-irradiated
cooling after crystal growth at approximately 1800 °C. Inn-type 6H-SiC at 25 K by Polity Huth, and Lausmanh.
4H-SIiC S and G;; antisites are expected to be producedConsidering the theoretical temperature dependence of the
according to the calculated values of their formation energytrapping coefficient for negative ioﬁé,,uA;OOK can be esti-
Er. The values calculated by Torpe al’® are about 4 eV ateq at the value of approximatelx1.0' s~* at 300 K. It

for Cg; and St antisites and are of the same .order as that ok, 5\ws that the concentration ratiB (A, )/C(Ves) can

the carbon vacancy. From calculations realized @, 2H, be estimated to be thé, /I, ratio divided by a factor

and 4 polytypes the charge states of;@nd St are ex- J tn aoproximatelv equal to 10. The ratio
pected to be, respectively, neutral and positive-igpe crys- Fvesi Fhzg 8PP y € '

tals. In 3C-SiC, the relaxed antistructure pair constituted byC(As001d/C(Vc.s) varies with the proton fluence in the
neighboring G; and Si antisites is, however, expected to range from 0.18 estlmatgd for the Iowe_st fluence of 4
have negative ionization levels in the band §hfhe ion- X 10**H* cm™2 to 0.03 estimated for the highest fluence of
ization energy for the relaxed antistructure pair O¢vel has ~ 7-8X10'® H™ cm™2. Given the value ol/c.g; concentration
been calculated aE—E,=1.3 eV*' More recently, Mat- estimated abovéSec. V), the negative-ion concentration is
tausch, Bockstedte, and Pankratov performatui initio ~ expected to be of the order of X30"cm™® in 7.8
density-functional theory calculations of electrical and opti- < 10'® H™ cm™? irradiated 64-SiC crystal.

cal properties of different defects in SiC possessing carbon- In addition toAzy, ¢, another type of ion acceptor is de-
carbon bond4?> Among all the possible configurations of tected in 64-SiC: theA s « negative ions. Thes&;s , nega-
these C-C defects, they proposed that the carbon-splitve ions have been observed only at low temperature as-
interstitial-antisite complex (&, ¢ (100) that is composed of received and proton-irradiatedH6 SiC. When proton fluence
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becomes equal or higher tharx40'® H" cm™?2, these traps cancy defect is detected at low temperature in as-received
are no longer detected by positrons. It means that their trag¥-type nitrogen-doped 18-SiC. Another characteristic life-
ping rate becomes too low at this high proton fluence comtime of 226+ 5 ps is measured at room temperature in all the
pared to the trapping rate at the other dominating defectyroton-irradiated nitrogen-dopedH#6SiC crystals. By com-
Asook and Vs.c. The decrease of the trapping rate at theparison with earlier experimental and theoretical results, we
A5 « defects with increasing proton fluence can indicate arssociated the value 283 ps with positron lifetime for the
effect of the Fermi level position either on the ion chargenegatively charged/s; silicon monovacancy and the value

state or on their introduction rate. 225+ 2 ps with positron lifetime for the neutral Si-C diva-
cancy. In addition, different types of ionic acceptors are de-
VII. CONCLUSIONS tected. One of them acts as strong trapping centers even at

room temperature in as-received Al- or N-dopeH-&iC

We have applied positron-annihilation spectroscopy tccrystals.
study vacancies in as-grown and 12-MeV proton-irradiated
Al- or N-doped @H-SiC crystals. We can infer from the tem-
perature dependence of the lifetime spectra decomposition
that neutral and negatively charged vacancy defects exist in One of the authors$L. L.) benefitted from support from
doped 61-SiC crystals before and after proton irradiation. the Bolyai Foundation of the Hungarian Academy of Sci-
The (202+8)-ps lifetime corresponding to one type of va- ences.
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