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Defect energy levels in electron-irradiated and deuterium-implanted 61 silicon carbide
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Using deep-level transient spectroscopy, we studied defect energy levels and their annealing behavior in
nitrogen-doped BI-SiC epitaxial layers irradiated with 2-MeV electrons and implanted with 300-KeV deute-
rium or hydrogen at room temperature. Five levels locatedEab.34, E.-0.41, E.-0.51, E.-0.62, and
E.-0.64 eV consistently appear in various samples grown by chemical vapor deposition, showing they are
characteristic defects in-type 6H-SiC epitaxial layers. It is suggested that thg 0.51 eV level originates
from a carbon vacancy, and that the two levelsEat0.34 andE.-0.41 eV, which likely arise from the
occupation of inequivalent lattice sites, and the leveEat0.51 eV are different charge states of the carbon
vacancy. The annealing kinetics of tBg-0.51 eV level are first order with an activation energy of 1.45 eV,
and a level aE.-0.87 eV growing upon its decay arises most likely from a vacancy-impurity complex. The
results for theE.-0.62 eV andE-0.64 eV levels are consistent with a defect model involving a silicon vacancy
on inequivalent sites in theltb lattice. Furthermore, the present results show that at hydrogen doses of
10" cm™? no interaction between hydrogen and the irradiation-induced silicon vacancy takes place even after
annealing at temperatures up to 800 °C, in contrast to the results reportedyfoe silicon.
[S0163-182699)13815-3

I. INTRODUCTION protons or electrons, and a dominant zero-phonon PL line at
1.913 eV labelec in electron-irradiatedh-type 3C-SiC ep-
There has been considerable interest in recent years itexial layers. Both thelfl ESR and théE PL centers were
silicon carbide(SiC) as a wide-band gap semiconductor ma-identified as a negatively charged silicon vacandy). PL
terial for high-temperature, high-frequency, and high-powerstudie$? also revealed a zero-phonon line at 1.973 eV la-
applications. Because of recent advances in crystal growth beledD, in bulk 3C- and 6H-SiC crystals and in @-SiC
is now possible to produce both epitaxial and bulk SiC ma-epitaxial layers irradiated with various types of ions or elec-
terial of high quality. An interesting feature of SiC is its trons. Choykeet al®>*3and Itohet all interpreted thed; PL
appearance in many different polytypes which differ only inline to be associated with a divacancy.
the stacking sequence of the tetrahedrally bonded Si/C bilay- Recently, Pensl and ChoyKereported the presence of
ers. In polytypes such asH4+ and 6H-SiC with mixed zinc  two overlapping DLTS peaks located 0.62 and 0.64 eV be-
blende(cubic) and wurtzite(hexagonal bonding between Si  low the conduction-band edg&() and labeled; andZ, in
and C atoms in adjacent bilayer planes each type of bonds-grownn-type 6H-SiC crystals and in liquid phase epitaxy
provides a slightly altered atomic environment leading to(LPE)-grown 6H-SiC layers irradiated with various types of
inequivalent lattice sites. It is therefore possible to obtainions or electrons. Thesg, /Z, centers were correlated to the
generic knowledge about defects in semiconductors by comV¥g-V divacancy identified by Vainer and I using the
paring the properties of the same defect both at inequivalerghotoinduced ESR technique. IH6SIC there are three in-
sites in the same polytype and at sites in different polytypesequivalent sites for Si or C atoms, one hexagonal and two
Cubic (3C)SiC has no inequivalent Si or C lattice sites cubic sites, hence three inequivalent Si or C vacancies. It was
and therefore, has the advantage of simplicity for defect studtherefore argued that the peaks andZ, with slightly dif-
ies. Defects introduced by mega-electron-volt ion and elecfering ionization energies are due to the generated defect
tron irradiation in bulk -SiC crystals and in epitaxial lay- occupying inequivalent lattice sites. Several DLTS peaks
ers grown on S§il00 substrates by chemical vapor have also been recently reported in electron-irradiatgge
deposition(CVD) have been extensively studied using a va-6H-SiC epitaxial layers grown by chemical vapor
riety of different experimental techniques, e.g., photolumi-depositiont®~*® However, very little has been revealed about
nescence(PL),' cathodoluminescencéCL),*> electron the identities and the annealing behavior of the observed
spin resonanc¢ESR),%~8 and deep-level transient spectros- defects.
copy (DLTS).>"! An ESR spectrum witlD, symmetry la- In this paper, we report results from an experimental
beledT5 was observed in proton-irradiatgetype 3C-SiC  study of defect energy levels and their annealing behavior in
epitaxial layers and was interpreted as arising from a posip-type CVD-grown 64-SiC epitaxial layers irradiated with
tively charged carbon vacancy/§).8 Itoh et all” also ob-  2-MeV electrons and implanted with 300-KeV deuterium or
served an ESR spectrum wiify symmetry labeledll in  hydrogen at room temperature. These experiments reveal in-
both p- and n- type 3C-SiC epitaxial layers irradiated with formation concerning intrinsic defects inH6SIC epitaxial
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layers and give additional insight into the interaction of hy- - y10-5
drogen with these defects. 6

n-type 6H-SiC(0001) As-grown

Il. EXPERIMENTAL PROCEDURE &2 ¢ 77777 1000 °C

0.60 eV

The n-type nitrogen-doped ~ £1x10"®-1
X 10*%cm3%)6H-SiC epitaxial layers were grown on Si-
terminated(0001) surfaces of vicina3°—4° off (0001 to-

ward [1120]) 6H-SIiC substrates (N-doped to ~2
x 10 cm™3) by chemical vapor deposition to a thickness of
1.5 to 10um and were subsequently thermally oxidized to a
thickness of 75 nm. Two samples were used in our study,
one (labeledC) grown by Cree Research and the otkler —
beled S at the Industrial Microelectronics Center, Stock- ol L L L e L
holm, Sweden by Nordell and co-workérsThe samples 150 200 250 300 %50
were irradiated with 2-MeV electrons at nominal room tem- Temperature (K)
perature(<30°C) to doses in the range ofX110* to 1
X 10*®cm ™2, Deuterium implantation was performed at 300
KeV with a dose of & 10'*cm™2. The sample surfaces were
then chemically cleaned using a 10% hydrofluoric acid solu-
tion to remove the oxide layer immediately before Schottky-
barrier structures were prepared by depositior-a0D0-nm-
thick Ni, Cu, or Au films on the samples. The metal films
were deposited using electron-beam evaporation in a pres-
sure of~1x10 7 Torr at a rate of 1 nm/s, with the samples
kept at room temperature. The deposition was made through
a metal mask defining diodes of 1 mm in diameter. Anneal-
ing the samples was carried out prior to metal deposition in
an atmosphere of pure nitrogen at temperatures between 15(C ol -
and 1000 °C. 150 200 250 300 350
For sample analysis, deep-level transient spectroscopy Temperature (K)
and capacitance-voltageC-V) measurements were under- )
taken at temperatures between 77 and 500 K. In the DLTS FIG. 1. (@ DLTS spectra fromC samples ofn-type 6H-SiC

measurements six to eight traditional spectra with rate winEPitaxial layersisee textin the as-grown state and after a 30-min

dows in the range of100 ms—l to (3200 ms—l were re- anneal at 1000 °C(b) DLTS spectra fromS samples ofn-type

. - H-SiC epitaxial layergsee text in the as-grown state and after
corded during a single temperature scan. The I’neasuremeri?[rsadiationpwith 2-M£V5(electro)r?s to a dosg ofx110*5cm™2 and
were performed under reverse-bias conditions, and no for- : . o .

N . . subsequent annealing for 30 min at 1000 °Rate window
ward injection was applied. The experimental setup has beeg(3 20s) L]
described in detail elsewhef®In the determination of the ' '
capture cross sections of the levels, we have assumid a observed with capture cross sections e8x 104 ~1
correction to account for the temperature dependence of the 1014 and~3x 10 cn?, respectively. The three levels
effective density of states in the conduction band and thare stable at temperatures up to 100qF®. 1(a)]. Depth
thermal velocity of the majority carriers. Trap concentrationprofiles revealed that the three levels are distributed rather
versus depth profiles in selected samples were determinashiformly within the epitaxial layer and have essentially the
using a single rate window, and the temperature was held alame concentration of 1x 103cm~3. Furthermore, no in-
the maximum of the studied peak withit0.5 K. The fluence on the emission rate of the three levels by the electric
steady-state reverse-bias voltage was kept constant, whifield in the depletion region was found. The absence of a
gradually increasing the amplitude of the majority-carrierPoole-Frenkel effeét suggests that these levels are accep-
pulse, and the depth profiles were extracted from the depenerlike. In the S samples, there is no evidence of the three
dence of the DLTS signal on the pulse amplitéd®epth  levels observed in Fig.(&) but two new acceptorlike levels
profiles of impurities such as transition metal atoms in theappear atE.-0.34 andE.-0.41eV with capture cross sec-
epitaxial layers were determined by secondary ion masgons of ~6x 107 '° and ~3x 10~ *cn?, respectively[Fig.
spectrometry(SIMS) using an G primary ion beam. Cali- 1(b)]. The two levels persist after a 1000 °C anneal and are
bration of the SIMS data was achieved with ion-implanteddistributed uniformly within the epitaxial layer as revealed
reference samples. by depth profiling.
In Fig. 2 we show DLTS spectra fro®samples oh-type
Il RESULTS 6H-SiC epitaxial layers irradiated with 2-MeV electrons to
' doses of X 10'° and 1x 10°cm™2. Spectra fronC samples
DLTS spectra fromC and S samples of as-grown-type  are very similar to those shown in Fig. 2. Three levels at
6H-SIC epitaxial layers are shown in Fig. 1. In tf@ E_-0.34,E.-0.41, andE.-0.51 eV and two overlapping lev-
samples three levels &;-0.53,E.-0.60, andE.-0.61eV are  els atE.-0.62 andE.-0.64 eV, with capture cross sections of
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FIG. 3. Production rate data for the dominant energy levels in

2-MeV electron irradiated-type 6H-SiC epitaxial layers.

~6x1015, ~3x10° % ~2x1071 ~1x10% and
~1x10 e, respectively, are consistently observed in <10 *cn?, grew. In Fig. 4c) the growth of theE.-0.87 eV
both samples. ThE.-0.51 eV level is donorlike and the two level is plotted versus the decay of thg-0.51 eV level, and
levels atE.-0.62 andE.-0.64 eV are acceptorlike. Also, in within the experimental accuracy a proportionality is ob-
the Ssamples an increase in the intensity of Fe0.34 and  tained. Furthermore, thE_-0.87 eV level was not observed
E.-0.41eV levels is observed after electron irradiatibig.  during isochronal annealing of unirradiated samples. These
1(b)], providing evidence for their intrinsic nature. On the above results argue that the defect giving rise to the
other hand, in theC samples theE.-0.53, E.-0.60, and E.-0.87eV level evolves from the defect causing the
E.-0.61eV levels were found not to increase in intensityE.-0.51 eV level. Upon further annealing at higher tempera-
after electron irradiation, indicating that these levels are mosiures, theE.-0.87 eV level disappeared at about 800 °C. Sec-
likely impurity related. However, within the sensitivity of the ond, the E.-0.34 andE.-0.41eV levels displayed almost
SIMS (<10"%atoms/cr), no transition metal impurities, identical annealing behavior and persisted after a 1000 °C
such as Ti, V, and Cr, are detectable in the epitaxial layers. lanneal. The data in Fig. 5 reveal an increase in the intensity
should be noted that oxygen and hydrogen may also exist iof both levels upon annealing at temperatures in the range of
the epitaxial layers but are not measurable to below250 to 300 °C. Because of their small energy difference, and
10" atoms/cm. In the following, we will concentrate mainly since they have almost the same production rate and identical
on the levels introduced by electron irradiation and by deuannealing behavior, we suggest that tl&-0.34 and
terium implantation'see DLTS spectra in Fig.)7 E.-0.41eV levels are due to a defect occupying inequivalent
Figure 3 shows the results from the dose dependencsites in the & lattice.
study of the observed levels. The production data for all Ourisochronal annealing studies have also shown that the
levels follow linear increase with the electron dose over theE -0.62 and E.-0.64eV levels displayed two annealing
range of doses used in our study. Note that the two levels aftages| E.-0.62 eV] and[ E.-0.64 eV] (brackets denote con-
E.-0.62 andE.-0.64 eV have almost the same productioncentration valuesdecreased by about 40 and 25 %, respec-
rate as do the levels &.-0.34 andE.-0.41 eV. The produc- tively, after annealing at 200 °C, and the remaining concen-
tion rates of theE.-0.51 andE.-0.62 andE.-0.64 eV levels trations of both levels were reduced to the detection limit
obtained from the slopes of the respective linear fits araround 850 °C, as shown in Fig. 6. These data thus indicate
found to be about 0.015 and 0.004 cinThe production rate  that the fraction of the defect annealed at each annealing
of theE.-0.34 andE-0.41 eV levels is comparable to that of stage is site dependent.
the E.-0.51 eV level. Figure 7 shows DLTS spectra fro®isamples ofn-type
Figures 4, 5, and 6 show typical isochronal annealing dat&H-SiC epitaxial layers implanted with 300-KeV deuterium
obtained from electron-irradiated samples. Several interesto a dose of X 10''cm 2 and subsequently annealed at
ing features are shown in Figs. 4, 5, and 6. First, theB00°C. The disappearance of thg-0.34 andE.-0.41eV
E.-0.51 eV level began to anneal at about 180 °C and disagevels in the as-implanted samples suggests that these two
peared at 250 °QFig. 4@)]. Further isothermal annealing levels are affected by the lattice straimssociated with the
experiments have shown that the annealing kinetics of theamage induced by deuterium implantation, since the two
E.-0.51eV level are first order with an activation energy oflevels appear after a 30-min anneal at 300 °C and their inten-
1.45+0.01eV and a frequency factor ofx110'*s™! [Fig.  sity increases with further annealing to 800 °C. It may also
4(b)]. Upon the decay of th&.-0.51¢eV level, a level lo- be pointed out that the disappearance of Be0.34 and
cated atE.-0.87 eV, with a capture cross section ofl E.-0.41eV levels is not due to a Fermi level effect. The
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FIG. 4. (a) Isochronal annealingB0 min) data for the levels &.-0.51 andE.-0.87 eV inn-type 6H-SiC epitaxial layers irradiated with
2-MeV electrons to a dose ofX110'%cm 2 and for theT5 ESR center observed in ion-irradiatpeype 3C-SiC epitaxial layers(b)

Arrhenius plot of the rate constant for the decay of Ee0.51 eV level.(c) Growth of theE.-0.87 eV level versus the decay of the
E.-0.51¢eV level.

defect concentration was typically at least one order of mag-
nitude smaller than _the dopant concentration. Note that the A. E,-0.51 eV andE,-0.87 eV levels

E.-0.51eV level is completely eliminated and that

[E.-0.62eV] and[E.-0.64 eV] are greatly reduced after the ~ The data in Fig. 3 show that tHe.-0.51 eV level grows
800 °C anneal. Furthermore, a comparison of DLTS spectriinearly with the electron dose, suggesting that the defect
for electron-irradiated and hydrogen-implanted samplesausing this level is a simple defect. The annealing behavior
(Figs. 2 and ¥ shows no hydrogen-related energy levels inof the E.-0.51 eV level, which is donorlike, is almost iden-

the latter. tical to that of theT5 ESR centefFig. 4(a)], which ltoh

IV. DISCUSSION
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ated with 2-MeV electrons to a dose ok1L0®®cm™2.

et al® identified as a positively charged carbon vacancy i
3C-SiC. We therefore suggest that tig-0.51eV level
originates from a carbon vacancy imtype 6H-SiC. Theo-
retical studie¥"?® have shown that the carbon vacancy in
3C-SiC acts as a donor and induces a leveEgt0.80 eV

n
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ial layers implanted with 300-KeV deuterium to a dose of 1
X 10" cm 2 in the as-implanted state and after a 30-min anneal at
800 °C.[ Rate window= (3.20 s) 1. ]

tent with the fact that n@5 ESR signal has been observed
in n-type 3C-SiC since the defect is not paramagnetic in the
neutral charge stateOur results thus indicate that the donor
level of the carbon vacancy lies higher in energy in the larger
band-gap polytype il8. We note that for silicon, the produc-
tion rate of the single vacancy-relatedicancy-oxygencen-

ter under 2-MeV electron irradiation is 0.1 ¢hand of the
divacancy center is 0.01 ¢cm?® The lower value for the
production rate of th&_-0.51 eV level(0.015 cm %) is most
likely the result of a higher binding energy for SiC when

corresponding to a Si dangling-bond state, which is ConSISéompared to silicon. It is of interest to mention that the en-
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FIG. 6. Isochronal annealin@30 min) data for the levels at
E.-0.62 andE.-0.64 eV inn-type 6H-SiC epitaxial layers irradi-
ated with 2-MeV electrons to a dose o&k10'®cm2 and for the

Temperature (°C)

ergy position of th€e-0.51 eV level is identical to that of the
E; level observed by Hemmingssoet al!® in electron-
irradiatedn-type 6H-SiC epitaxial layers. Th&; level an-
neals out at~200 °C, which argues for its association with a
carbon vacancy.

The decay of th&.-0.51 eV level is a first-order process
with a corresponding growth of thE.-0.87 eV level. It is
knowrf’:?® from the extensive work on electron-irradiated
silicon that vacancies and self-interstitials are mobile at low
temperatures, and are readily captured by impurities, result-
ing in the formation of more stable defects. We expect that
the distinction between the annealing temperature of primary
and complex defects is also valid for SiC. Hence the
E.-0.87 eV level is probably a complex formed by the trap-
ping of a mobile carbon vacancy by an impurity of relatively
high concentration, which is likely to be oxygen. However,
as revealed in Fig. (4), the decrease ifE.-0.51eV] is
larger than the corresponding increas¢ Bf-0.87 eV]. This
indicates that not all of the carbon vacancies giving rise to
theE.-0.51 eV level participate in the above reaction, and in
Sec. IV B additional processes involving the carbon vacancy
will be discussed.

B. E.-0.34 eV andE-0.41¢eV levels

These two levels also grow linearly with the electron dose
at almost the same rate, suggesting that they are caused by a

T1 ESR and theE PL centers observed in ion- and electron- Simple defect, and moreover, the two levels persist after a
irradiatedn- and p-type 3C-SiC epitaxial layers.

1000°C anneal. In their PL work, Patrick and Chaoke



10 828 M. O. ABOELFOTOH AND J. P. DOYLE PRB 59

found that some defects in electron- and ion-irradiat€d 3 around 850 °C and are, therefore, not believed to originate
and &H-SiC crystals persist even after a 1700 °C anneal anfrom the same center as the levels observed in the LPE-
that one of these persistent defects gives rise to a lowgrown samples. The annealing stages of the present levels
temperature luminescence spectr(tive D, centej that has  and their fractions annealed at each annealing stage are strik-
a characteristic vibronic structure. It was speculated that thingly similar to those of theT1ESR and theéE PL centers
D; center is a divacancy. However, the production rate of théFig. 6), which ltoh etall’ identified as a negatively
E.-0.34 andE.-0.41 ¢V levels is comparable to that of the charged silicon vacancy inG-SiC. Thus, we can conclude
E.-0.51eV level(Fig. 3), which argues against the associa-that theE.-0.62 andE.-0.64 eV levels observed here, which
tion of these two levels with a divacancy. ESR stutfiémve  are acceptorlike, arise from a silicon vacancy occupying in-
shown that the carbon vacancy in electron-irradiateld ®C  equivalent lattice sites in-type 6H-SiC. This is also con-
crystals exists in different charge states and is stable up tsistent with the data in Fig. 3, which show that the produc-
temperatures varying markedly with the charge state. Thus, @on rate of theE.-0.62 andE.-0.64 eV levels is significantly
possible identification of the acceptorlike levelsEat0.34  |ower than that of theE.-0.51 eV level since, as shown by
andE¢-0.41eV is a carbon vacancy presumably residing aNashiyamaet al,*2 more carbon interstitials are introduced
inequivalent lattice sites. This identification is consistentinto SiC by irradiation than silicon interstitials.
with the results of ESR studies showing that the negatively Theoretical studi€g have also shown that interstitials
charged carbon vacancy intype 6H-SiC disappears at in 3C-SiC do not have gap states, while Si interstitials in-
1400 °C, whereas in the neutral and positive charge states thfice gap states. However, as suggested by étodl.,’ Si
defect anneals out at 200—300 °C. These results indicate thaiterstitials probably migrate to combine with so@&acan-
the carbon vacancy ink-SiC has both a donor and an ac- cies at room temperature, resulting in- Sintisite defects
ceptor level in the upper half of the band gap. We note thaivhich have no gap states and are energetically much more
in the case of th&.-0.51 eV level, there is no indication for favorable than the Si interstitiafé. We also note that
a level splitting. This implies that the difference between thgE_-0.62 eV] and[E.-0.64 eV] decrease in the same tem-
inequivalent cubic and hexagonal lattice sites is less imporperature range as whefE.-0.51eV] decreases rapidly.
tant for this deep level probably because of its more localThis indicates the possibility that some of the C vacancies
ized electron state. Hemmingssenhal'® have observed two causing theE_-0.51 eV level may undergo pairing with Si
acceptorlike levels oE.-0.33 andE.-0.40eV E1 andE2)  vacancies resulting in the formation Wf-V¢ divacancies.
which we believe are the same as titg-0.34 and The VgV divacancy, however, is expected to give rise to
E.-0.41eV levels observed here. However, no annealingap states with energy positions close to those of the isolated
studies have been made on tB¢ andE2 levels. Neverthe- Sj and C vacancie®, and no such divacancy-related energy
less, we have fourtd that theE -0.34 andE.-0.41 eV levels levels were observed. It is possible that the initial decay of
almost disappear when both holes and electrons are injectede E.-0.62 andE.-0.64eV levels occurs through Si va-
into the space charge region. This behavior may be explaineshncy combining with an interstitial-type deféétisother-
by electron-hole recombination and is consistent with thatnal annealing studiésrevealed a decay at the later stage of
reported for theEl andE2 levels. the annealing process with first-order kinetics and an activa-
The observed increase in the intensity of Eie0.34 and  tion energy comparable to that obtained for the annealing of
E.-0.41eV levels, which occurs at temperatures in the rangéhe T1 ESR and th& PL centerg~2.2 e\).>® This further
250-300 °C(Fig. 5), can be interpreted as due to a fraction supports the identification of thE.-0.62 andE.-0.64 eV
of the carbon vacancies in the neutral state changing to Rvels as a Si vacancy. The theoretical calculations by Wen-
negatively charged state by electron capture, and consehanget al?* and Talwar and Ferig predict that the Si va-
quently, they become more stable and can no longer reagtincy in I-SiC induces a level at 0.54 eV above the
with oxygen impurities. This would then explain the data invalence-band edge correspondingatC dangling-bond state.
Fig. 4(c), and the decay of th&.-0.51eV level may be Our results thus indicate that this level also lies higher in
viewed as a mixed process where formation of the vacancyenergy in the larger band-gagH6polytype.
impurity complexes giving rise to thE.-0.87 eV level con- As can be seen in Fig. 7, no hydrogen-related energy lev-
stitutes a significant contribution. Further theoretical studiesels are introduced by hydrogen implantation and subsequent
however, are needed to establish the electronic states of th@nealing at 800°C. On the other hand, Patrick and
carbon vacancy in theH polytype and provide a more de- Choyke® reported the presencd a H luminescence center
tailed model of the defect. in 6H-SIC crystals implanted with hydrogen to a dose of 3
x 10 cm™2. Based on the observation of a CH bond-
stretching mode and an increase in the H luminescence in-
tensity with annealing to 800 °C, they proposed a model for
The energy positions of these two levels are identical tahe center where an H atom is bondedat C atom at a Si
those previously observed by Pensl and Chd{lke LPE- vacancy. If such a center, which can be viewed as a Si va-
grown n-type 6H-SiC layers irradiated with various types of cancy with partly hydrogen-saturated C dangling bonds, is
ions or with 2-MeV electrons. As mentioned earlier, theseformed, it is expected to give rise to gap states originating
authors correlated th&.-0.62 andE.-0.64eV levels to a from a Si vacancy configuration but with a shift in energy
divacancy ¥si-V¢) on nearest-neighbor sites wi@s, sym-  positions, and no such energy levels were observed. This
metry. They also reported that the two levels are not deindicates that at doses of #@m~2 no interaction between
stroyed by annealing up to 1700 °C. However, the preseritydrogen and the irradiation-induced Si vacancy takes place
levels display two annealing stages and almost disappeaven after annealing at temperatures up to 800 °C which al-

C. E.-0.62eV andE -0.64 eV levels
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lows diffusion of hydrogen. It should be mentioned that noannealing kinetics of thE.-0.51 eV level are first order with
SiH bond-stretching mode was observed by Patrick an@én activation energy of 1.45 eV, and a levelEat 0.87 eV
Choyke® indicating that hydrogen does not bond to Si atomsgrowing upon its decay arises most likely from a vacancy-
at C vacancies due presumably to the higher strength of thenpurity complex. TheE.-0.62 andE.-0.64eV levels are
C-H bond compared to the Si-H boAtiThe present results interpreted as arising from a Si vacancy occupying inequiva-
are in contrast to those reported fetype Si(Ref. 3§ where  |ent sites in the Bi lattice. Furthermore, the present results
hydrogen-related energy levels are introduced by low dosghow that at hydrogen doses of'46m~2 no interaction be-
(10°~10°cm™?) proton implantation and are interpreted to tween hydrogen and the irradiation-induced Si vacancy takes
be associated with vacancy-type defects with partlyplace even after annealing at temperatures up to 800 °C in

hydrogen-saturated dangling bonds. Further studies to dete(lsontrast to the results reported f@{type silicon.
mine the dose dependence of hydrogen-related energy levels

in 6H-SIC epitaxial layers are currently underway. ACKNOWLEDGMENTS

V. SUMMARY The authors express their appreciation to the Office of
Naval Research for support of this research under Grants No.
The E;-0.34,E.-0.41,E.-0.51,E.-0.62, andE.-0.64eV  N00014-92-J-1500 and N00014-92-J-1080, to Cree Re-
levels are the dominant levels observednitype nitrogen- search, Inc., and the Industrial Microelectronics Center,
doped 641-SiC epitaxial layers irradiated with 2-MeV elec- Kista-Stockholm, Sweden for vicinalF6-SiC wafers, to D.
trons or implanted with 300-KeV deuterium or hydrogen atGriffis of North Carolina State University, Raleigh, NC for
room temperature. It is suggested that Eie0.51eV level SIMS analysis, and to J. L. Lindstro of the National De-
originates fron a C vacancy, and that the two levels atfense Research Institute, Linkimg, Sweden for electron ir-
E.-0.34 andE.-0.41 eV, which likely arise from the occu- radiation. One of the author§).P.D) gratefully acknowl-
pation of inequivalent lattice sites, and the level atedges the financial support from the Swedish Board for
E.-0.51eV are different charge states of the C vacancy. Th&echnical DevelopmeriNUTEK).

1H. Itoh, M. Yoshikawa, . Nashiyama, H. Okumura, S. Misawa, E. Janze, Mater. Sci. Forun264-268 561 (1998.

and S. Yoshida, J. Appl. Phyg7, 837 (1995. 18C. G. Hemmingsson, N. T. Son, O. Kordina, and E. Jande
2W. J. Choyke and L. Patrick, Phys. Rev.431843(1971). Appl. Phys.84, 704(1998.
SW. J. Choyke, Inst. Phys. Conf. S&1, 58 (1977). 19N. Nordell, S. G. Andersson, and A. Safer, Inst. Phys. Conf.
4.1 Geiczy, A. A. Nesterov, and L. S. Smirnov, Radiation Ser.142, 81 (1996.

Effects in Semiconductqredited by J. W. Corbett and G. D. 208, G. Svensson, K.-H. Ryde and B. M. S. Lewerentz, J. Appl.

Watkins (Gordon and Breach Science, London, 197l 327. Phys.66, 1699(1989.
5]. 1. Geitsi, A. A. Nesterov, and L. S. Smirnov, Sov. Phys. Semi- 2D. V. Lang, J. Appl. Phys45, 3023(1974.

cond.4, 744 (1970. 223. Frenkel, Phys. Re\84, 647 (1939; L. C. Kimerling and J. L.
®H. Itoh, N. Hayakawa, |. Nashiyama, and E. Sakuma, J. Appl. Benton, Appl. Phys. Lett39, 410(1981).

Phys.66, 4529(1989. 23B. G. Svensson, B. Mohadijeri, A. HatieJ. H. Svensson, and J.
"H. Itoh, M. Yoshikawa, I. Nashiyama, S. Misawa, H. Okumura,  W. Corbett, Phys. Rev. B3, 2292(1991).

and S. Yoshida, IEEE Trans. Nucl. SBIS-37, 1732(1990. 24Lu Wenchang, Z. Kaiming, and X. Xide, J. Phys.: Condens. Mat-
8H. Itoh, M. Yoshikawa, I. Nashiyama, S. Misawa, H. Okumura,  ter5, 891(1993.

and S. Yoshida, J. Electron. Maté&1, 707 (1992. 25D, N. Talwar and Z. C. Feng, Phys. Rev.48, 3191(1991).
%V. Nagesh, J. W. Farmer, R. F. Davis, and H. S. Kong, Appl.28J. W. Corbett and G. D. Watkins, Phys. R&88 A555 (1965.

Phys. Lett.50, 1138(1987. 27E. L. Elkin and G. D. Watkins, Phys. Ret74, 881(1968; G. D.
0p, Zhou, M. G. Spencer, G. L. Harris, and K. Fekade, Appl. Phys. Watkins, ibid. 155 802 (1967).

Lett. 50, 1384(1987). 28G. D. Watkins and J. W. Corbett, Phys. R&38 A543 (1965.
115, E. Saddow, M. Lang, T. Dalibor, G. Pensl, and P. G. Neudeck?’L. Patrick and W. J. Choyke, Phys. Rev.533253(1972.

Appl. Phys. Lett.66, 3612(1995. 30_. A. de S. Balona and J. H. N. Loubser, J. Phys3(2344
125 A. Freitas, Jr., S. G. Bishop, J. A. Edmond, J. Ryu, and R. F.  (1970.

Davis, J. Appl. Phys61, 2011(1987. 3IM. O. Aboelfotoh and J. P. Doylainpublishedl
13Ww. J. Choyke, Z. C. Feng, and J. A. Powell, J. Appl. Pt64.  32I. Nashiyama, T. Nishijima, E. Sakuma, and S. Yoshida, Nucl.

3163(1988. Instrum. Methods Phys. Res. 33, 599(1988.
1G. Pensl and W. J. Choyke, PhysicalB5, 264 (1993. 33p_J. Lin-Chung and Y. Li, Mater. Sci. Foruh®-12 1247(1986.
15y, s. Vainer and V. A. Ilin, Sov. Phys. Solid Sta@8, 2126  3*C. Wang, J. Bernholc, and R. F. Davis, Phys. Re\88312 752

(1981. (1988.

163, P. Doyle, M. O. Aboelfotoh, M. K. Linnarsson, B. G. Svens- *®Y. Li and P. J. Lin-Chung, Phys. Rev. 85, 1130(198%.
son, A. Schaer, N. Nordell, C. I. Harris, J. L. Lindstro, E.  35L. Patrick and W. J. Choyke, Phys. Rev831660(1973; Phys.
Janze, and C. Hemmingsson|l-Nitride, SiC, and Diamond Rev. Lett.29, 355(1972.
Materials for Electronic Devicesdited by D. K. Gaskill, C. D. 37p, Kzckell, J. Furthmiller, F. Bechstedt, G. Kresse, and J. Hafner,
Brandt, and R. J. Nemanich, MRS Symposia Proceedings No. Phys. Rev. B54, 10 304(1996.
423 (Materials Research Society, Pittsburgh, 1996 519. 38B. G. Svensson, A. Hdlte and B. U. R. Sundgqvist, Mater. Sci.
17C. G. Hemmingsson, N. T. Son, O. Kordina, J. L. Lindstt@and Eng., B4, 285(1989.



