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Isochronal annealing studies oin-type 6H-SiC with positron lifetime spectroscopy
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n-type 6H silicon carbide has been studied using positron lifetime spectroscopy with isochronal annealing
temperatures of 400, 650, 900, 1200, and 1400 °C. In the as-grown sample, we have identifigd#eancy,
the VVg; divacancy, and probably thé. vacancy. The silicon vacancy and the carbon vacancy were found
to anneal out in the temperature range 400—650 ° C.Vi\és; divacancy was found to persist at an annealing
temperature of 1400 °C.

. INTRODUCTION for example, found deep acceptorsEat—0.34 eV andEc
—0.41 eV, and identified them ds,/E,. The deep accep-

Silicon carbide is a wide-band-gap semiconductor whichors were assigned to a negatively charged carbon vacancy
has attracted considerable attention as a material for highoccupying different sites, and it was suggested that such sites
temperature, high-power, and high-frequency devices. As deyere stable after a 1000 °C annealing. Gargl.® found
fects play an important role in influencing the electrical prop-deep acceptor€D; and ED, at Ec—0.36 eV andEc
erties of the material, defects in 6H-SIC have been-( 44 eV respectively. Again, it was pointed out that the
extensively studied with the use of different techniques likeg D; andED, levels were theE, /E, levels as seen by oth-
deep-level transient spectroscofLTS),'* electron-spin  ers” Moreover, th&.—0.36 eV was found to consist of two
resonance(ESR),” positron annihilation spectroscofy}'  gverlapping peak&Ds, and EDs. The EDsL level was
and photoluminescencé A detailed review of the electrical found to be annealed out at a temperature of 700 °C. It was
and optigal characterization of SiC was given by Pensl an@uggested that the deep lev&l®,, and ED, were attrib-
Choyke: uted to theVVg; divacancy, as they were not completely

With the use of DLTS, a number of deep levels in the SiCynnealed out at a high temperature of 1600 °C.
band gap have been found in as-grown or irradiated samples. pggitron lifetime spectroscopy has been used extensively
For exampleZ,/Z; andE, /E; levels have been observi(lj IN as a nondestructive probe in semiconductors because of its
many n-type 6H 5'(23 studies, I|ke3 those of Zhareg al, excellent sensitivity toward neutral or negatively charged
Hemmingssonet al,” Gong etal,” and Aboelfotoh and  yacancied51 The principle of the positron lifetime tech-
Doyle.* However, regarding the interpretation of the micro- hique is based on the fact that vacancies in the semiconduc-
structures associated with these deep levels, there are pregy trap implant positrons into localized states which have a
ently no consensus. Zhareg al ' reported a double peak at |onger positron lifetime compared to delocalized positrons,
Ec—0.62 eV andEc—0.64 eV which they calledZ;/Z,.  pecause the electron density at the vacancy site is lower.
TheZ,/Z, defect level was proposed to be due tothe/s;  Different vacancies can be identified by their characteristic
divacancy. TheV:Vg; site was also previously observed in positron lifetimes, which can thus serve as a fingerprint of
an ESR study, and it was related to the center observed in  the defect. Moreover, additional information, such as defect
a photoluminescence studybecause they were all stable at concentration, charge state, and ionization energies of differ-
an annealing temperature of 1700 °C. However, with DLTSent charge states can often be extracted from positron life-
Aboelfotoh and Doylé also observed a double peak at thetime data.
same position, but the defect was found to anneal out at a In a previous study' we examined as-growmmandp-type
temperature of 850 °C and was thus suggested to be a silic®H-SiC with the positron lifetime technique. patype mate-
vacancy. Gonget al® observed a signal close to tig/Z,  rial, a 225-ps component was found, and was attributed to
position, but failed to obtain a reliable position as the signapositron annihilating in neutraM:Vg; divacancies. The
was too small. The peak was found to be annealed out at ¥:Vg; concentration was estimated to b& 20'® cm™3. For
temperature lower than 1150°C. The authors also pointed-type 6H-SiC, a 200-ps lifetime component was observed,
out the problem of simply assigning tiZg /Z, levels to the and this was proposed to be the overlapping of coexisting
V Vg divacancy, as its generation rate in the electron irrasilicon vacancy and/-Vg; divacancy components, which
diation process varies considerably from sample to sample ihave characteristic lifetimes smaller than and larger than 200
different studies, although the electron implanting energieps respectively. A positron shallow trap was also identified
were similar (see, for example, Hemmingssat al? and  from its low-temperature competition with vacancy trapping.
Zhanget al%). This Rydberg-like state of the positron results from the pos-

For the case oE,/E,, most studies agree that this level itron binding with a negative impurity or acceptor. It was
doublet is not annealed out even at temperatures as high atso pointed out that ip-type material, the Fermi level was
1600 °C but the assignment of the defect microstructure difelose to the valance band, which probably made the silicon
fered between investigatots:*14 Aboelfotoh and Doyld, vacancy positively charged the acceptor neutrally charged:;
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thus neither is capable of trapping positrons. 0.28 - . -
In the present study, we aim to examine previous propos- (a)
als on defect assignment, and also to study the annealing o o ©
behavior of the vacancy defects in the material. We have S oxnl 6o 00 o OE_
performed positron lifetime measurementsretype 6H SiC = 0
annealed at 400, 650, 900, 1200, and 1400 °C. At each of the X%x% x Xxxx ¥ % x
annealing temperatures, positron lifetime spectra were accu- XX o
mulated at temperatures ranging from 20 K to room tempera- 0.18 '
ture. : . :
015 + ® o
Il. EXPERIMENT /g\ %, ° o N o o 5
The material used in the study was a Lely-grown ~. 013 | e x Ox XX x E
nitrogen-doped research graaktype 6H silicon carbide wa- 00 X xx x X xX
fer purchased from Cree Research Inc. The doping concen- a
tration of the wafer was 1:210' cm™ 3. Four samples with 0.11 ' ' '
a size of 5<8 mn? were cut from the wafer, degreased with 100 . . .
acetone and methanol, and then rinsed in deionized water.
The positron radioactive source was made by encapsulating 8o © il
20-uCi?®NaCl with a kapton foil. The source foil was then S 60 1
sandwiched by four pieces of sample with two pieces at a ~., 40 |oo0 X{S‘XX x X L]
side. The sample assembly was then installed into a closed- - Q%0 ° 5 50 O§
cycle He fridge. Each of the lifetime spectra were accumu- 20 [0t °
lated up to 4x 10° counts, with the standard fast-fast lifetime 0 : : :
spectrometer having a resolution of 220 ps. Lifetime mea- 0 100 200 300
surements were performed on samples annealed at 400, 650, Measurement Temperature (K)

900, 1200, and 1400°C. The annealing process was per-

formed in a forming gas environment for a period of 30 min. _ . . .
99 P suring temperature. The cross and the circle are the results obtained

For each of th_e annealing temperatures, lifetime specira WelFom the as-grown and the 900 °C annealed spectra, respectively.
collected at different temperatures from 20 K to room tem-

perature.

FIG. 1. Fitted results of,, 74, andl, as functions of the mea-

essentially constantwith values of about 200 and 230 ps,
. RESULTS AND ANALYSIS respectively, at all of the measurement temperatures. This
) o . ) o behavior was also true for all other annealing temperatures.
A positron lifetime spectrum is a linear combination of This constancy, which was also observed in the annealed
exponential terms contributing from the corresponding annixamples; implies that there is no change in the defect micro-
hilating sites, i.e., structure as the measurement temperature is lowered from
I —t room temperature. The average values plotted as a func-
S(t)=ND, —ex —) (1)  tion of annealing temperature are shown in Fi¢g) 2from
v i which it is seen that the mear, value varies with the an-
wherer; andl; are the characteristic lifetime and the inten- nealing temperature. This variation will be discussed below.
sity of the corresponding component, respectively. The life- In order to eliminate the correlation between the fitting
time spectra were decomposed into components by the prgarameters in the fitting process, the spectra were refitted by
gramPOSITRONFIT® with all the parameters free. fixing the 7, values according to the values shown in Fig.
It was found that in all of the spectra, a three-componen(a). The resulting , and 7, variation, plotted as a function
fit could give a good representation of the spectra. A nonvaef the measurement temperature for the different annealed
rying long lifetime component, having a lifetime value of samples, is shown in Fig. 3. For the as-grown sample it is
about 1000 ps at the 1.5% level, was found to exist in spectrabserved that the long lifetime intensity stays at a constant
irrespective of the annealing temperature and the measurgalue of about 40% for temperatures above 80 K, but falls to
ment temperature. This lifetime component was thus attribabout 12% as the temperature decreases to 10 K. This drop-
uted to positronium annihilation at voids or at the surface ofping of I, at low temperature is accompanied by an increase
the sample, and does not fall within the scope of interest 0bf 7;. In Ref. 11, this low-temperature behavior was attrib-
the present study. This component was thus removed, angted to a positron shallow trap. A positron shallow trap is a
data analyzed with just two components. Rydberg state formed by the positron binding to a negatively
The fitted results of the lifetime parametets 7, andl,, charged impurity ion, such states having been observed in
as a functions of the measurement temperature for the aboth GaAs(Ref. 19 and Si?® The binding energy of this
grown sample, and that after the 900 °C anneal, are shown istate varies typically from 10 to 100 meV. Thus the state is
Fig. 1. The sample used in the present study was the santkermally detrapped at room temperature, and only plays a
sample as that employed in a previous stiidifor the as-  significant role at low temperatutee., T<80 K). From Fig.
grown and the 900 °C annealed spectra, the values,dhe 3 itis seen that this low-temperature behavior vanishes when
characteristic lifetime of the positron trapping center, werethe sample is annealed to 650 °C.
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FIG. 2. (a) Characteristic lifetimer, and (b) positron trapping 0.05 ! ' .
rate and concentration &f;, and (c) positron trapping rate and 0 100 200 300

concentration oW -Vg; measured at room temperature as functions

of the annealing temperature. Measurmg Temperature (K)

FIG. 3.1, and 7, as functions of the measuring temperature with
7, fixed as described in the text in order to eliminate the correlation
In investigating the annealing behavior of positron trap-between the fitting parameters. The cross, diamond, square, circle,
ping, we first consider the variation af, with annealing and triangle represent the data obtained from the as-grown, 400°,
temperature. At each annealing temperature, an avera@®0°, 900°C, and 1200° annealed samples. The solid and dashed
value of 7, was obtained by averaging the temperature mealines are the modeled curves, assuming a shallow trap and a nega-
surement scan data from 80 K to room temperature. Withively charged carbon vacancy, respectively.
reference to Fig. 2, for the as-grown sample, it can be seen
that the defect lifetimer, is 200+ 9 ps. This then increases ing out of the silicon vacancy. The, value of 232 ps ob-
up to about 225 ps as the annealing temperature is increasedrved at annealing temperatures at 650—-1200 °C is thus un-
up to 650 °C. Only a minor increase 1 is then observed as derstood as the lifetime &f-Vs;. The disappearance df;
the annealing temperature further increases up to 900 °C, after annealing to 650 °C is close to the observation of Ref.
which temperature, has saturated at about 232 ps. 22, where thd= spectrum in an ESR measurement, attributed
Braueret al?! calculated different vacancy type defects into Vg;, was annealed out at 750 °C, which is close to the
6H-SiC with the use of the linear muffin orbital in the atomic value observed here.
spheres approximation. The lifetime values of the carbon va- It is possible to calculate the concentrations\&f; and
cancy, the silicon vacancy, and the+& divacancy were VcVg; as functions of the annealing temperature. In the
calculated to be 153, 191, and 212 ps, respectively. For exdigher measurement temperature range, which is free from
perimental work, positron lifetime values ®; andV:Vs;  low temperature trapsTE80 K), positron trapping into the
have been reported to be 183 (®ef. 8 and 235 ps re-  silicon vacancy and the $iC divacancy can be described by
spectively. According to our previous stutfythe 200-ps the simple trapping model with two competing trapping cen-
lifetime component found in the as-grown sample was theers. The solution of this model is given By
overall result of positrons annihilating in thés; monova-
cancy and th&/-Vg; divacancy coexisting in the sample, the Ap2= 1/TVSi’ 2)
lifetime values ofVg; and V:Vg; being too close to be re-
solved. This being the case the increase of the obseryed
upon annealing up to 650 °C can be explained by the anneal-

A. Long lifetime component (7,=200-232 p9

Aps=Ury v, ()
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Ky.. presenin-type sample is close to the conduction bandkMa
= & , (4)  nenetal?® reported a value of aboyt,=10" s * for the
Mo Avgt rvgFrvevg, negatively charged Si vacancy &t=20 K. For the nega-
tively charged vacancy, the specific trapping coefficient fol-
Kvevg; lows aT~%®° dependenc& Based on these assumptions, the
®) concentration olg; in the as-grown sample is estimated to
be 3.2x 10" cm 2.

ID2

Ip3= )
Ao~ )\VCVSi+ Kvg T Kvevg,

where I, and | p; are the intensities of the two lifetime
components corresponding to the silicon vacancy and the
Si+C divacancy, respectively, and the,’s are the respec-
tive annihilation rates from the two defect statis. is the For the as-grown sample, as shown in Fig.18,was
positron annihilation rate of the bulk.,, andxy_vs;are the ~ found to decrease for temperatures below 80 K. This de-
trapping rates intd/s; andVVs;, respectively. crease |ri_ , corresponded with an increase in the fitted value
In the present case, as the lifetime values of the two pos2! 71- This effect cannot be explained by the change of the

itron trapping centers are too close to be separated, the ofarge state of the vacancy defect induced by a decrease of
served lifetime would be equal the measurement temperature, since a lowering of the tem-

perature moves the Fermi level closer to the conduction
I 5o 1 Ip3 1 band, which would imply a more negatively charged defect
and thus a increase of tHg value. Neither can it be ex-
(6) d th i f tH | Neith it b
plained by the temperature dependence of the rate of positron
Thus the values of<VSi and Ky v, Can be found by solving trapping into the vacancy states discussed in Sec. lll A, be-
Egs.(2)—(6). The lifetime value oM.V, has been reported Cause neutral and negatively charged vacancies have either a
in studies of ion-implanted 6H SiCRef. 21 and as-grown constant ofT ~%° dependence on temperature, respectively,
p-type 6H-SIC! and was found to be 235 and 225 ps re-in Which case a decreasirlg with decreasing temperature
spectively. The lifetime value of the silicon vacancy was¢@nnot be obtained. In the following sections, we discuss
reported to be 185 p&Ref. 10 and 183 pS. Therefore, the SOMe possibilities that may introduce such a low-temperature
trapping rates into/s; and VoV, at room temperature as _behav_ior, na}mely(a) the presence of a negatively charged
functions of the annealing temperature can be calculated by'Purity acting as a positron shallow trafh) the charge
taking 7, =184 ps andr =230 ps, which are the aver- State transition of the carbon vacan®y: induced by the
Vsi VcVsi ' 0 - -05 )
age values of these previous results change of the Fermi-level position, arid) the T tem
The calculated room-temperaturé trapping ratesvaf perature dependence of the positron trapping coefficient of

andV Vg, are plotted as function of the annealing tempera- €
ture in Figs. Zb) and Zc). The positron trapping rate is pro-
portional to the defect concentratian= w; X c;, whereu; is
the specific trapping coefficient of the deféct From Fig. 2, In Ref. 11, we attributed this low-temperature effect to a
it is seen that the trapping ratend thus the concentratipaf ~ positron shallow trap. A positron shallow trap is a hydrogen-
Vs; dropped fromky =9.2X 10% s to zero for annealing like state formed by a positron binding to a negative ion. The
temperatures of 650°C or above. In contrast, the trappin§inding energy of such a trap is typically about
rate of VCVSi remains essentia”y constant at awaVSi 10-100 meV, which is small Compared to that of about 1 eV
=10%s" 1, within statistical error over the whole annealing for avacancy type defgct_. As the positron is vyeakly bound to
temperature range. the negative ion, thg I|fet|r_ne pf the positron is very close to
The vacancy and divacancy concentrations can be cachlbe bulk state positron 'Ilfetlme. As t_he temperature de-
lated if the values of their specific trapping coefficienj_. creases, therm_al qlet_ra_lpplng of the positron f“’"ﬁ the Sha”_OV_V
si trap becomes insignificant, and thus more positrons annihi-
and uy v, are known. Although there are no reports on thejaie in the shallow trap state. This is reflected by the decrease
experimental or theoretical values of thg_ anduy_ v, in of I, and the corresponding increasemgf as shown in Fig.
SiC, the Si vacancy and $iC divacancy concentrations can 3. According to a model involving competitive positron trap-
still be estimated with the use of the previous findings in Si.ping into a shallow trap and a vacancy-type defect, which is
As it was reported that/vte/ziﬂ\72=1135, and M\72=4 presented in Ref. 11, the concentration and the binding en-
ergy of the shallow trap was found to beg=8
x 10' cm™2 and E,=13 meV. The fitted curves df, and
7, and shown as the solid lines in FiggaBand 3b), re-
spectively. Although we can explain the low-temperature
trapping by the shallow trap model, it is important in making

In Calfﬁlat'.r;.g the concen;raﬂ?er; of Zl&cc;rjcvacanci‘y,_wea comprehensive discussion to consider some other alterna-
assume the silicon vacancy in thetype iC sample is 4o nossibilities.

negatively charged. This seems reasonable based on the fol-
lowing: (i) A negatively charged silicon vacancy was ob- i
served in 4H SiC with the use of ESRand (i) According 2. Charge state transition of ¥

to the calculation of Zywietet al,?® the (—/0) level is close Braueret al?! calculated the lifetime value of as 153

to the midgap position, and the Fermi-level position of theps, which, like the shallow trap state, is very close to the bulk

B. Low-temperature trap: shallow trap or carbon vacancy?

TZ,eX =7 1 N T NI
P Ipptlps Ap2 Ip2tlps Aps

1. Positron shallow trap

x 10 s~1 in Si?*?*the specific trapping coefficient of neu-
tral Si divacancy in Si was found to be 1440 s™1. With
this value, the concentration of th&:Vg; divacancy can be
estimated asy_y_ =8.3x 10" cm™>.



8020 C. C. LING, C. D. BELING, AND S. FUNG PRB 62

lifetime. This implies that even if a carbon vacancy exists, 10
we may not be able to separate it from the obsermedom- "
ponent. If the carbon vacancy has an ionization levet-(0/ 8 r
or (—/0) close to the conduction band, then the moving up
of the Fermi level induced by the lowering of the tempera-
ture may cause the carbon vacancy to capture an electron,
thus becoming more negative and positron attractive. The
increased positron trapping into the carbon vacancy would
result in a decrease ®g; andVVg; trapping, and a reduced
value ofl,.

In order to test the validity of this interpretation, Hall-
effect measurements were performed on the sample at tem-
peratures ranging from 30 to 300 K. The Fermi-level posi- .
tion was calculated using the equatiorn=N¢cexd —(Ec 10 100
—Ep)/KT], whereN is the effective density of states of con- Measuring Temperature (K)
duction band, andN¢=2g(2mmikT)*%h~2 and m*4
= (m*2m*)¥3.28 The values ofm*, andm*, were taken as
0.25 and 1.5see Ref. 28, and references theyeifhe cal-
culated Fermi-level positioB-— Eg is shown in Fig. &). It
was found thaE-— Eg in general dropped with decreasing
temperature from 0.11 eV at 300 K. A transition was fo“ndtrapping coefficient dependence ®f ©5.26 As the lifetime

at the temperature range of 80-100 K, in whiBR—Er  \51ye of positron annihilating iV is very close to that of
decreased from 0.078 t0 0.053 eV. At lower temperaturesyg ik, this lifetime component could be indistinguishable
the Fermi level was found to pin & —Ex=0.053 eV. The oy the bulk lifetime. Thus, if a carbon vacancy does exist,
transition found aff =100 K results from a “freeze out” of 45 the measurement temperature decreases the positron trap-
the carriers onto the main nitrogen donor. The rapid changBing rate intoV increases; consequently decreases ant}

of the Fermi level at this temperature may imply a charg€ncreases in much the same manner as in a nonopen volume
state transition of a defect. Although this transition tempera-p(l,:,itron shallow trap, as discussed in Sec. Il A.

ture is close to the transition temperature of the positron |, 5 case when the lifetime value of a positron trapping
lifetime data, it is probable that they are not the same trangenter(je., V) is indistinguishable from the bulk lifetime
sition. This is because the transition seen in the Hall meay 4 there is another well-separable long lifetime component,

surement is fully completed by=80 K, and then the Fermi o hositron trapping rate into the carbon vacargy and
level remains constant, in contrast to the variation,irand
the observedr ¢ Can be expressed Bs

74 Which persists down to 10 K.

Zywietz et al. performed first-principles calculations on
the neutral and charged carbon vacancy in 4H%i@c- Ky
cording to their calculation, the carbon vacancy exhibited a
negative-U behavior. The ionization levdlg0) and (- -/-)
were at Ey+2.8leV Ec—Er=0.29eV) and E, loexpt 8
+2.38 eV Ec—E£=0.72 eV), respectively. As compared Koeff™] l,expt()‘b_AZvefer Ky ®)
with the measured Fermi-level position shown in Fi¢c)3
this implies thatV in the sample is always in @ -) charge 1+ (ky IN [ 1+ Kperil (Np— N etit Ky ]
state, and probably has no charge transition in our measuring 7; ,,o4= < < ' ' <.
temperature range. Furthermore, Dannefaeal. studied ' Moty T Koers
electron-irradiated 6H-SiC with positron lifetime and Dop- 9

pler broadening techniques. A 160-ps lifetime componentye paye calculated the positron trapping rate into the carbon

was found, and attributed to the carbon vacancy. From the-\r/acancyx at T<80 K using Eq.(7), while taking 7

reported data down to a temperature of 30 K, no charge state 153 VC_ 141 0 and _'200’ Th ItVC ¢

transition was observed. Thus we tend not to favor thiﬁ_ PS, 7= 121 PS,” aNnd 7oet1= ps. The resulls o
0g Ky, as a function of the log is plotted in Fig. 4. The

model, which involves the transition of thé. charge state i _ e
as the temperature decreases. slope of the fitted straight line in Fig. 4 was found to be

—0.52+0.01, which is very close to the predicted value of
—0.5 with our present assumption. With these results, the
modeledr; g Was calculated and plotted in Fig(k3. The
modeled curve also shows a good representation of the ex-
Another effect requiring consideration is whether the carperimental data.
bon vacancy in a negatively charged state could bring about We now consider whether the annealing behavior as
the observed low-temperatutrg and 7; behaviors. As men- shown in Figs. &) and 3b) can help in distinguishing any
tioned in Sec. 111 B 2, according to the calculation of Zywietz of the above models. As the annealing temperature goes up
et al,?® and our measured Fermi-level position, the chargeo 650 °C, the observeld becomes independent of the tem-
state of theV¢ in our sample is 2, which implies a positron perature, indicating that defect center responsible for the

K[V, (10°")

FIG. 4. Rate of positron trapping into the negatively charged
carbon vacancy as a function of the measuring temperature. The
fitted slope of the straight line is 0.52+0.01, which is close to the
expected value- 0.5 of a negatively charged vacancy.

. 7'1,exp1()\b_ I 2,expt)\2,eff) =1 1expt

C _ 1
Ve Tiexpt

)

3. T %5 dependence of positron trapping coefficient of
negatively charged ¥
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low-temperature anomaly has been annealed out. No furtheéare was found to anneal out in the temperature range
change was observed as the annealing increased up #00-650°C. Kawasuset al® and Polity et al?® studied
1400 °C. In previous sections, the low-temperature behavioglectron-irradiateah-type 6H SiC, though their electron dos-
observed in samples with annealing temperatures lower thasge and implanting energy were different. In Kawasuso
or equal to 400 °C originated from two possibilities, namely,et al’s work g the lifetime spectra were decomposed into two
the presence of a positron shallow trap or the presence of lifetime components. The experimentalvalues were found
negative carbon vacancy. The annealing out of this lowto deviate from the simple trapping model, and this was at-
temperature defect site is thus due to the removal of either &ibuted to the presence of the carbon vacancy. This observed
carbon vacancy or a charge neutralization reaction of a posarbon vacancy was annealed out at 450°C. In Polity

itron shallow trapping negative impurity. et al’s®® work, the average lifetime was measured as a func-
tion of the annealing temperature. The average lifetime was
IV. DISCUSSION AND CONCLUSION found to slightly increase with increasing annealing tempera-

ture in the range of 480-930°C, and this was attributed to

In the analysis of the lifetime spectra, the following ob- the annealing out of a shallow trap. The present study and
servations have been made. In the as-grovigpe 6H SiC  these previous studies share a common observation that in an
sample, we observed a lifetime componerg=200 ps n-type 6H SiC sample, there is a positron trapping site with
which was attributed to positrons annihilating frorig; and  characteristic lifetime close to the bulk that competes with
VVsi, which have lifetime values lower and greater thantrapping into the longer lifetime componefite., the silicon
200 ps, respectively. At annealing temperatures of 650 °C ovacancy and/cVsg;). It is unlikely that positron lifetime data
above, the observed, changed to about 232-ps as the sili- can on their own distinguish this positron trapping site, al-
con vacancy was annealed out. This 232-ps lifetime compathough its low temperature trapping behavior shows it to be
nent was attributed to a positron purely annihilating froma negatively charged site. We are inclined, however, to be-
VcVsi. This value is close to th®-Vg; lifetime value of lieve the center to be a negatively charged carbon vacancy.
214 ps calculated by Brauet al.?* and the 235-ps lifetime This is because it is possible for a vacancy to be annealed
component found after Ge implantation, which was attrib-out, whereas it is difficult to imagine a mechanism for charge
uted to aVcVg; divacancy’ neutralization of an ionized acceptor impurity.

In an earlier study! we also performed lifetime measure-  Photoluminescence studies of ion-implanted 6H SiC show
ments on as-growp-type 6H-SiC as a function of the mea- a D; spectrum which is thermal stable up to 1788%hile
surement temperature. A temperature-independent lifetimBLTS in 6H SiC reveals a series of deep levels labeled as
component of 225 11 ps was observed. The Fermi level of Z,/Z,, E,/E, and E3/E4™* In Zhang et al’s work*
this p-type sample at room temperature is estimated to hav&,/Z, was found to be thermally persistent up to 1700°C,
been E\+0.045 eV. The {+/+) level of Vg was causing them to relate th&,/Z, level to theD; spectrum
calculated to bé&, +0.17 eV by Zywietzet al?® As already  and to theVcVs; divacancy. Gonget al® and Aboelfotoh
pointed out by Linget al* and further supported by the and Doylé studied electron-irradiated 6H SiC, and obtained
result of Zywietzet al,, Vg; in the p-type sample should be a different result. Similar to the findings of Zhare al,
positively charged, which implies that the 225-ps observedsong et al. and Aboelfotoh and Doyle also observed the
component was totally free from any positrons annihilatingdeep levelsZ,/Z,, but theirZ,/Z, annealed out at a tem-
from Vg;. In this respect it is noted that the as-gropatype  peratures of 850°C and less than 1150°C, respectively.
lifetime data (22511 ps) are statistically consistent with However, in all these DLTS studids, /E, deep levels are
that of then-type sample annealed at temperatures of 650 °@ound to have a high thermal stability. In Goagal.'s study,
or above (2325 ps) as regards the long lifetime compo- E,/E, started to anneal out at a temperature of about 1500°,
nent. This supports our viewpoint, namely, that the 232-psind the level was attributed to\4:Vs; divacancy, while in
lifetime component observed in the present annealgge  Aboelfotoh and Doyle’'s workE,/E, persisted after a
sample originates from th€-Vg; divacancy. Assuming the 1000 °C anneal, although in this case the levels were attrib-
correctness of this interpretation, and considering that theted to a negative carbon vacancy related defect.
positron trapping rate of -Vg; is found to be independent of In Gonget al’s work.? it was reported that the observed
the measurement temperature, the Sidivacancy should be level E; (referred to a£D5 in Ref. 3 in electron-irradiated
a neutral defect. Moreover, it can also be stated that the-type 6H SiC has two annealing stages. The concentration
VcVs; divacancy is stable at an annealing temperature 0bf ED; first decreased at 700 °C to a certain plateau value
1400 °C. These observations are consistent with the report afhich was sustained up to 1600 °C. It was suggested that the
Polity et al,?® in which the annealing of electron irradiated ED5 deep level consisted of two defects, whereas the first
n-type 6H SiC was monitored by the average positron life-one (ED5 ) annealed out at 700°C and the second one
time without performing spectral decomposition. These au{ED5y) annealed out above 1600°C. As this@3) had
thors reported a positron trapping center, probably a divathe same annealing behavior Bs (referred to asED, in
cancy which annealed out in the region 920°C-1470°. Ref. 3, and the ratio oED3y to ED, is the same for dif-

For the as-grown and 400 °C annealed sample, our studigrent electron-implanting dosages, it was concluded that
revealed that the observégdecreases with decreasing mea-(ED3y,) and ED, were due to the same defect taking up
suring temperature, with a corresponding increase;inat  different site configurations, and these were attributed to the
temperatures lower than 80 K. This low-temperature behaw Vg, divacancy. Franket al*® studied He-implanted 6H
ior can be attributed to the presence of either a positron shaiC with DLTS and photoluminescend®Ll) in order to
low trap or a negatively charged carbon vacancy. This feaeorelate the DLTS deep levels to the PL lines. It was found



8022 C. C. LING, C. D. BELING, AND S. FUNG PRB 62

that at an annealing temperature of 1400 °C,ERéE, ob-  E1/E, observed in the DLTS and the correspondDgin
served in the DLTS measurement and Ehelines found in ~ PL are associated with thé-Vs; divacancy.

the PL measurement were found to persist. On the other

hand, theZ,/Z, DLTS signal and a 4349 A PL line were
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