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Vacancies and deep levels in electron-irradiated 6  H SiC epilayers studied
by positron annihilation and deep level transient spectroscopy
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The annealing behavior of defectsriftype 6H SiC epilayers irradiated with 2 MeV electrons have

been studied using positron annihilation and deep level transient spectroscopy. Vacancy-type defects
are annealed at 500-700 °C and 1200-1400 °C. From the analysis of Doppler broadening spectra
(core electron momentum distributipnthe latter annealing process is attributed to the
disappearance of complexes related to silicon vacancies and not to nearest neighbor divacancies.
Among the observed deep levels, tBg/E, levels show similar annealing behavior to that of
positron annihilation centers above 1000 °C. It is thus proposed th&t;{Eg levels originate from
complexes containing silicon vacancies. 2001 American Institute of Physics.
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I. INTRODUCTION of the E4/E, and Z,/Z, levels have not yet been clarified
adequately as well as that of tiy luminescence.
Photoluminescenc@L)™?and deep level transient spec-  Recently, high quality epitaxial layers were successfully

troscopy(DLTS)®* ! studies on Bl SiC show that a number produced® This provides us with an opportunity to study
of deep centers are generated by particle bombardmenpoint defects in SiC with less influence from grown-in de-
These deep centers have important roles in application sincécts. Microscopic identification of radiation-induced defects
() ion implantation is an indispensable step for the selectiven 6H SiC epilayers has been extensively carried out with the
doping of SiG¢?*3and (i) special radiation-induced defects optically detected magnetic resonan@DMR) technique.
can be used to control minority carrier lifeti&One cur-  Samanet al® specified a PL band originating from isolated
rent interest in this subject is to identify the microscopicsilicon vacancies with a theoretical support by Zywietz
origin of radiation-induced deep centers. et al?®?1Sonet al?? found a characteristic ODMR spectrum
The D, luminescence in 18 SiC is considered to origi- after electron irradiation, which is attributed to nearest neigh-
nate from complexes associated with intrinsic defééghis  bor divacancies or complexes associated with silicon vacan-
luminescence appears due to postirradiation annealing at apies. Due to its superior selectivity to vacancy-type defects,
proximately 1000 °C and survives even at 1700 °C. In addifositron annihilation spectroscogiAS) is also used for the
tion to theD, luminescence, several PL bands are introduce@tudy of SiC2*~**In this work, we performed PAS and DLTS
by bombardment:*>'®More than ten deep levels have beenmeasurements far-type 64 SiC epilayers irradiated with 2
observed inn-type 6H SiC irradiated with fast particles. MeV electrons. We report the annealing behavior of
Among them theE/E, andZ,/Z, levels exhibit remarkable vacancy-type defects and their correlation with fgE,
high thermal stability. In early studies, it is reported that thelevels induced by electron irradiation.
Z,/Z, levels are thermally stable up to 1700*CRecent
studies show that th&,/Z, levels induced by He irradiation
are reduced below 1400 “@® Gonget al. reported that the
E,/E, levels are predominant after electron irradiation and  The samples used in this study were cut from a high-
subsequent annealing at 1100®€ranket al. observed that quality 64 SiC epilayer(5 um thick) grown on a 3.5° off
the E,/E, levels and théd, luminescence show a correlation oriented SiC(0001) substrate, which was purchased from
in their annealing behavidrt is also reported that the,/E, ~ Cree Research Inc. The epitaxial layer exhibitetype con-
levels show the negativig-charactef:” The atomic structure ductivity (doped with nitrogehwith a net donor concentra-
tion of 5x 10'° cm™2 at room temperature. As a reference, a

3Author to whom correspondence should be addressed; permanent addre?s_:tygg epjlgyer with a net e}cceptor concentration of 5
Japan Atomic Energy Research Institute, 1233, Watanuki, TakasakiX]- cm (doped with aluminumwas used. Then-type

Gunma, 370-1292, Japan; electronic mail: kawasuso@physik.uni-halle.de€pilayers were irradiated with 2 MeV electrons at doses of
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1x 10" and 3x 10 e /cn? for DLTS and PAS measure-

ments, respectively, at 40 °C. Isochronal annealing was car-
ried out in the temperature range from 100 to 1700 °C for 30
min in vacuum or dry argon ambient. Above 1500 °C, the
samples were annealed in a SiC crucible to avoid the subli-
mation of Si atoms from the sample surfaces. After fabricat-
ing Schottky and ohmic contacts using Ni, DLTS measure-
ments were performed in the temperature range from 100 to
600 K. Details of the DLTS experiments will be described
eIsewheré.S © as-grown n-type
Positron lifetime measurements were carried out with a 10°F ¢ 2MeVe-irad.
pulsed positron beam at 17 ké¥%The system time resolu- S N S n
tion was 260 ps at full width at half maximum. After sub- 511 513 515 517 519 521
tracting one long-lived componefitypically ~500 ps with ¥-ray energy (k'ev) .
intensities less than 3fwhich comes from instruments, av- 10° . ' '
erage positron lifetimes were determined by th&rFIT
program:’ The positron bulk lifetime was determined to be
140+ 2 ps using the-type epilayer® This is in good agree-
ment with the theoretical bulk lifetime of Sit2.The Doppler
broadening of annihilation radiatigb11 keV) was measured
as a function of incident positron energyfrom 0.1 to 39
keV using a Ge detector. Furthermore, the coincidence Dop-
pler broadening measuremefitsiere also performed to de-
termine detailed momentum distribution of core electrons.
The normalized peak and tail intensiti@efined assS andW
parameters were determined from the obtained spectra. 10
Here, energy windows were selected to be 511.0-511.8 keV
for S parameters and 516.0-522.0 keV Mf parameters.
Vacancy-type defects are detected as increaSgpi@rameter FIG. 1. () The Doppler broadening spectra for the as-grown sarfggen
and decrease W parameter relative to the value for defect 8 &m0 o Seerun el satne s toes et LGt
free state de_nmed bgB ,a_nd We " Both n-type andp—type scale..The incident positron energy is 20 keV. These spectragare normalized
as-grown epilayers exhibited uniq@and W parameters at 1o their area intensitiegh) Positron lifetime spectra for the referentas-
E>25 keV (5=0.4342+0.0004 andW=0.0034+0.0002. grown p-type) sample(open circlé and the electron-irradiated sample at a
Considering the result of positron lifetime measurementsgose of 3¢10'" e"/en? (solid circles. The incident positron energy is 17
these were characterized S§ and Wi . All the S and W eV. These spectra are normalized at the peak intensities.
parameters obtained in this work were normalize®ieand
Wg, respectively.
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11l. RESULTS AND DISCUSSION deduced from an empirical formutd. The S parameter for
the as-grown sample increases in the low energy region
<5 keV). A similar feature has already been reported
Figure Xa) shows the normalized Doppler broadening previously*?=** This is explained by the diffusion of posi-
spectra for the as-grown sample and electron-irradiatetrons to the surface. That is, the annihilation from the surface
sample at a dose of810' e /cn?. It is found that the peak state and/or the reemission from the surface. $parameter
and tail intensitiegi.e., S and W parametersincrease and is almost constant &>20 keV suggesting that most posi-
decrease, respectively, after electron irradiation. Figibg 1 trons annihilate in the bulk region. TH&parameter for the
shows the corresponding positron lifetime spectra for the refelectron-irradiated sample is greater than that of the as-
erence(as-grownp-type epilayer and the electron-irradiated grown sample aE>5 keV and only weakly depends on the
sample. Positron lifetime increases after irradiation. The avincident positron energy. We also evaluated Rygarameters
erage positron lifetime for the electron-irradiated sample wagR=|(S— Sg)/(W—WSg)|), which depend on the type of de-
determined to be 194 ps. This is sufficiently greater than théect and not on the concentratidhFigure 2b) shows theR
bulk lifetime (140+=2 p9 determined for the reference parameter for the electron-irradiated sample as a function of
sample. The above positron annihilation spectra show thahcident positron energy. The parameter is almost constant
vacancy-type defects are introduced in the epilayer by elecat E>5 keV. Thus, vacancies are homogeneously produced
tron irradiation. by electron irradiation. Although it is expected that a part of
Figure 2a) shows theS parameter as a function of inci- positrons penetrate into a deeper region beyond the interface
dent positron energy for the as-grown sample and electrorbetween epilayer and substrate B35 keV, this effect
irradiated sample at a dose ok30' e /cn?. (The upper seems to be small in both the as-grown and electron-
horizontal axis shows the mean positron implantation deptlirradiated sample as seen from Fig. 2.

A. Positron annihilation
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FIG. 2. (a) S parameter for the as-grown samplepen circle¢ and the
electron-irradiated sample at a dose of B0'” e~ /cn? (solid circle as a
funct'lon of incident p05|tror_1 ener_gyl_)) R para_lmeters for the electron- FIG. 3. (a) Annealing behavior of th& parameter for the electron-irradiated
irradiated sample as a function of incident positron energy. The upper hori- 7 .
. . ] - sample at a dose of>310'7 e~ /cn? deduced by the/epriT analysis. The
zontal axis shows the mean positron implantation depth deduced from an lina duration is 30 mirfb) S vs W plot th h lina. Th
empirical formula. annealing uration is 30 mirtb) Svs W plot t rough annealing. The gray
circles at(S=1.0,W=1.0) and(S=1.028,W=0.834 indicate the locations

of (S W) data for the as-grown statéully annealed stajeand silicon va-

cancies determined previously, respectively.

Annealing temperature(°C)

The aboveS-E relations are further analyzed in the one-
dimensional diffusion model with a Makhovian type positron
implantation profile and an empirically determined mean im- ~ Vacancy-type defects giving rise to the average positron
plantation depti®*® The energy-depender® parameter is lifetime and S parameter to be 194 ps and 1.033, respec-
generally treated as the stacking of layers. That is, in théively, are homogeneously created by electron irradiation.
present case, th& parameter for the as-grown and the Theoretical study based on the linear muffin-tin orbital
electron-irradiated sample can be described with two termgtomic sphere approximation by Brauetral3 shows that
related to the surface and one layepilayey: positron lifetimes for a carbon vacancy, a silicon vacancy,

and a nearest neighbor divacancy iH &iC are 153, 194,

S(B)=Fs(B)Ss+F (B)S,, @ and 217 ps, respectively. Recent calculation employing the
whereSs andS, are theS parameters for the surface and the plane wave pseudopotential by Staabal*® also shows
layer, respectively, anBg(E) andF (E) are the respective similar positron lifetimes for a silicon vacancy and a diva-
fractions of positron annihilationHg(E)+F (E)=1). In  cancy. It is also shown that the effect of inequivalent lattice
the analysisSg, S, , and the positron diffusion length are sites in hexagonal SiC on positron lifetimes is fairly small
given as initial parameters and their optimum values are defwithin a few p3. From several experiment§3* positron
termined by the least square fitting method usinguberiT  lifetimes for carbon vacancies and silicon vacancies are de-
program?’ The solid lines shown with th& parameter in termined to be 160 and 189 ps, respectively, which are in
Fig. 2 are the results of theePFIT analysis. Here, epithermal good agreement with the theory. The average positron life-
positrons were not taken into account since the fitting resultime after electron irradiatiori194 pg coincides with the
were not significantly altered by this term. The above oneheoretical positron lifetime for silicon vacancies. Th@a-
layer model reproduces the experimersaE relations for rameter(1.033 is also in good agreement with the specBic
both the as-grown and electron-irradiated samples very welparametef1.028—1.031for isolated silicon vacancies in 3C
For the as-grown sampleS, and the effective diffusion SiC23-254°
length in the layer were determined to be 1.6@002 and Figure 3a) shows theS parameter for the electron-
160.4 nm, respectively. Takings= 140 ps as bulk lifetime, irradiated sample at a dose 0k30' e /cn? obtained from
the diffusion coefficient of positrons is estimated to be 1.8theVEPFIT analysis as a function of annealing temperature. It
cn/s. This value is comparable to the typical diffusion co-is found that theS parameter first decreases at 500—700 °C
efficient in semiconductor®. Thus, the as-grown sample and finally recovers to the as-grown state above 1200 °C.
contains few positron trapping and/or scattering sites. $he Figure 3b) shows theS versusW plot through annealing.
parameter and diffusion length in the damage layer of thedere, the gray circle aiS=1.0, W= 1.0) corresponds to the
electron-irradiated sample are evaluated to be 0BB02 as-grown statéalso, fully annealed stateAs a comparison,
and 6.3 nm, respectively. The reduced effective diffusionthe (S, W) data for isolated silicon vacancies determined
length indicates that most positrons annihilate in the damagpreviously® is also displayed by another gray circle (&
layer. =1.028,W=0.839. The S-W correlation is more or less on
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at 1000 °C. The valence electron contribution vanishes up to
p=20x10"3myc and hence core electron contribution is
important atp>20x 10 3m,c.“® Despite the large statistical
error, the ratio spectra show a tendency to increasp at
>20x 10 3myc. Staabet al*® show that the Doppler spec-
trum of SiC in the high momentum region exhibits different
features for carbon vacancies, silicon vacancies, and diva-
cancies. The intensity of the ratio spectrum for carbon vacan-
cies should decrease with increasing momentunp a0

X 10" 3myc. This feature is attributed to the enhancement of
annihilation probability with silicon core electrorimainly

2sp) giving rise to a relatively narrow Doppler shift. In con-
trast, the intensity of the ratio spectrum for silicon vacancies
should increase. This is because of the enhancement of an-
nihilation probability with carbon core electroiiss) giving

rise to a relatively large Doppler shift. For divacancies, these
opposite tendencies for carbon and silicon vacancies are mu-
tually canceled and hence the ratio curve does not depend
strongly on momentum. The apparent increases in the ratio
spectra ap>20x 10~ >myc shown in Fig. 4 exhibit the char-

acter of carbon core electrons, i.e., positron annihilation cen-
ters should accompany silicon vacancies at least.

The reason why silicon vacancies are the major positron
trapping centers is also discussed from the radiation damage
theory. Considering the threshold ener@y, ¢ 30 eV) for the

FIG. 4. The Doppler broadening spectra determined by the coincidencgtomIC dlsplacement n SI@’the average primary knock-on

method after dividing by the spectrum for the as-grown sample and subtrac@tOM energy(Epka) due to collisions with 2 MeV electrons
ing unity, i.e.,N(p)/Ng(p)—1 for the electron-irradiated sample at a dose iS estimated to be approximately 70 eV. Then the damage

of 3x10Y e‘/cmz_ (a) at the gs-irra(_jiated 'state arfio) after a_nne_zaling_at function (V: EPKA/2Ed) is approximately unity. Accord-
1000°C for 30 min. The vertical axis @) is scaled by multiplying with . | inal . d interstitial both Si dc
0.343. Dashed lines in the figure are a guide for the eye to see the increast:d!Y: S_mg € vacancies ar? interstiials _On - O_ Ian
in intensities atp>20x 10" 3myc. sublattices may be the main products of irradiation. The con-
centration of divacancies is expected to be small. Carbon
vacancies are reported to disappear upon annealing below
a straight line between these two positions. This linear cor200 °C>1°2 The effect of carbon vacancies is not distinctly
relation betweerS and W parameters indicates that silicon seen in the above results. This is probably explained as the
vacancy related defects are the major positron trapping cesmall differences ofs and W parameters for carbon vacan-
ters and their chemical surroundings do not change significies from those for bulk because of the weak localization of
cantly through annealing although ti® parameter itself positrons at carbon vacanci@s®*°Alternatively, this might

shows the two-step recovery in Figa® _ _be due to much lower positron trapping efficiency of carbon
To see the above circumstances in more detail, the coiny;cancies.

cidence Doppler broadening measurements were performed. The above results and discussion lead us to the conclu-

Figure 4 shows the so-called ratio spectra for the asgjq, that silicon vacancy related defects act as the major

|r|radt|;at§d ani?r 1no?n0 rr? r?tnnealc-lzd Isiage?r ﬁ;funigon ‘Hositron trapping centers after electron irradiation. The an-
clectron—positro omentum cajculated o —cpie, nealing stage at 500—700 °C in Fig@Bis consistent with

whereAE andc are the Doppler shift and light speed, respec-y ¢ j1ated silicon vacancid&*®5The residual compo-

tively (AE=1 keV corresponds top=3.91x10 3myc). ) N

That is, to enhance the defect contribution, the original specr-llent aﬁer lthg_ annﬁgllng at 700. C Sh?\l."lf] t;}e rel?‘t.ef] 0 t(;]om—

tra are divided by the spectrum of the as-grown sample an €xes Inciuding stlicon vacancies, which have nigher ther-
mal stability than isolated silicon vacancies. Previous studies

subtracted by unity, i.eN(p)/Ngic(p) — 1. For direct com- , ; ,
parison of the line shapes between as-irradiated and 1000 " highly nitrogen doped bulk 18 SiC also show that

annealed states, the vertical axis is further scaled so that twfcancy-type defects finally disappear at around 1400 °C af-
spectra overlap ap=0. The intensities of the ratio spectra ter electron irradiation. From the positron lifetime, this an-
are enhanced and suppressedpat3x10 3m,c and p  nealing step is proposed to be due to the disappearance of
>15x 10 3mgc, respectively, due to annihilation of posi- complexes related to silicon vacanciésThe similar ratio
trons at vacancy-type defedtsThe line shapes of the two spectra of the coincidence Doppler measurements before and
ratio spectra mostly overlap. This fact supports the aboveafter annealing at 1000 °C in Fig. 4 imply that the adjacent
discussion based on ti&-W correlation that the dominant elements of silicon vacant sites in the complexes are not
defect species are likely to be conserved even after annealimguch different from carbon atoms.

0 10 20 30 40

Downloaded 01 Oct 2001 to 133.53.228.253. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 7, 1 October 2001 Kawasuso et al. 3381

rate window: 8ms/16ms

<10
- E1/E2 2 ...\
Vg e ¢
©
E 2
=) o
» % 100
w S 3
- = 1
_' -
Q

A 1 . [ A 1 A i IE

o 14

100 200 300 400 500 =10
Temperature (K) S
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B. Correlation between vacancies and deep levels ) ) ) )
To see the correlation between vacancies and deep le FIG. 6. A_nneallng behavior af) the posn(on trapplng rate calculated from
. g. (2) with S;=1.028 for the electron-irradiated sample at a dose of 3
els, DLTS measurements were performed. Figure 5 ShOW§ 10'7 e~ /cn? and(b) the concentration of thE,/E, levels observed in the
the DLTS spectra for the electron-irradiated sample at a dos@ectron-irradiated sample at a dose of 10' e~ /cn?.
of 1x 10 e~ /cn? after annealing at 300 °C.e., after the
first scan, 1000 °C and 1400 °C. Four major peaks appear at
approximately 200, 330, 390, and 530 K after annealing athows the annealing behavior of the concentration oEtle
300 °C. The energy levels of the peaks at 200 and 530 K arEg, levels. It is found that the annealing curves of the positron
determined to beE-—0.37-0.01 eV andE-—1.15-0.06 trapping rate and the concentration of thgE, levels are in
eV, respectively, with temperature independent capture croggood agreement above 900 °C. Only the¢E, levels show a
sections (~1x10 1® cn?). It was difficult to separate two comparable annealing behavior with PAS detected vacancies.
overlapping peaks at 330 and 390 K and to determine indiAlthough hole traps were not observed in this study, Gong
vidual energy levels. Instead, their average energy level ist al>* reported that all the hole traps mtype 64 SiC ep-
determined to bd&=-—0.68+0.02 eV. Considering the past ilayers irradiated by 1.7 MeV electrons are drastically an-
studiest!'®35the above four peaks are assigned to B¢  nealed below 600 °C. Thus, ti®/E, levels are most likely
E,, Z1/Z,, L9, andR centers, respectively. to be correlated with PAS detected vacancies. As shown
The concentration of th&,/E, levels is determined to above, the PAS detected defects are related to silicon vacan-
be approximately X 10 cm 3. The concentrations of the cies. It is therefore concluded that tBg/E, levels originate
other levels are approximately one order of magnitude lowefrom complexes associated with silicon vacancies. The diva-
than that of theE,/E, levels. From the change of its line cancy model for theéE,/E, level$ proposed recently is not
shapes during annealing, it is found that one more level overeonfirmed here although silicon vacancies should be one of
laps theE; level as reported by Gonet al® After 1200°C  the constituents in the defects responsible forEhke, lev-
annealing, the concentration of all the levels exceptBhe els. Since the electron doses for the PAS and DLTS samples
E, levels are almost below the detection limit. This is in are different, the above comparison is qualitative. Neverthe-
good agreement with the results obtained by Gengl® less, any ambiguities arising from the history of crystal itself,
From its high thermal stability, it is inferred that tig/E,  e.g., grown-in defects, impurities are largely reduced because
levels originate from complexes rather than simple vacancieall samples are cut from the same epilayer.
and interstitials.
Among the observed levels, tiig/E, levels show com-
parable annealing behavior with PAS detected vacancies iIrY' CONCLUSIONS
the high temperature annealing process. For the comparison In conclusion, we have studied the annealing process of
between PAS and DLTS data, the positron trapping rateyacancy-type defects and deep centers-tgpe €H SiC ep-
which is proportional to the defect concentration, is calcu-ilayers irradiated with 2 MeV electrons. It is found that sili-
lated from con vacancy related defects are the major positron trapping
. centers. They are annealed in two stages at 500—700 and
x=157(S=Sp)/(Sy—9), @ 1200-1400 °C. Isolated silicon vacancies and complexes in-
where S, is the specificS parameter for vacanciés.Here, cluding silicon vacancies, respectively, are considered to be
we assumedS,=1.028 for silicon vacancies. Figure 6 responsible for these two annealing processes. From the cor-
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relation between positron annihilation and DLTS data, it iS Okumura, and S. Yoshida, Hyperfine Interaed, 725 (1993.

proposed that thé=,/E, levels originate from silicon va-
cancy related complexes.
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