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Silicon vacancy related T,,, center in 4H-SiC
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Electron paramagnetic resonan&R was used to study the 3, center in 4H-SiC, which was previously
attributed to the isolated Si vacancy but with different charge states: neutral, single negative, and triple
negative, corresponding to different spin stefesl, S=3/2, andS=1/2, respectively. The b, EPR spectra
observed in dark and under light illumination in as-grown high-purity semi-insulating 4H-SiC in the absence of
the negatively charged Si vacandyd) provide direct evidence confirming the spin tripl&&= 1) ground state
of the center. A model with a triplet ground state and a singlet excited state is proposed to explain previously
obtained results. The}, center can be detected in as-grown material annealed at 1600 °C.
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. INTRODUCTION the T, center since its EPR spectrum always appears to-
gether with the strong signal gt~2.003 of the undistorted
In irradiated n-type 4H- and 6H-SIiC, several optically negatively charged silicon vacancy/g‘-),m‘12 which may
detected magnetic resonarl@DMR) spectra, labeled i, hide the central line of a possib&=3/2 spin. Recently, the
Tyax, and Tyz, (With x=a,b), are often detected by moni- spin stateS=3/2 was indirectly determined for the,J, cen-
toring a near-infrared photoluminescend@l) band, which ter in 4H-SiC by pulsed EPRwhereas the high-field pulsed-
consists of zero-phonon lind&PL’s) at 1.438 eV(labeled EPR study by Orlinskiet al® suggested a spiS=1, in
V1) and 1.352 eV \2) in 4H-SiC and 1.433 eV\(1), agreement with Smanet al* In a magnetic circular dichro-
1.398 eV {2), and 1.368 eV \3) in 6H-SiC! These ism of the absorptiofMCDA) and MCDA-detected EPR
ODMR centers hav€s, symmetry and an isotropig value ~ (MDCA-EPR) study of 6H- and 15R-SiC, Lingneat al.*®
close to 2.003. These spectra were also observed by electr@served the same PL band, but the MCDA-EPR spectrum
paramagnetic resonan@ePR by several groups in 4H- and measured. on thv3 ZPL at 1.359 eV in 6H-SIC conglsts of
6H-SiC25 One of these ODMR spectra, T, is related to only one line withg=2.005. This leads to a suggestion that

the ZPLV?2 at 1.352 eV in 4H-SiC In these workd5these  the ground state of the silicon vacancy in SiC is triple nega-
spectra were suggested to originate from spin triplet state}léve (=3) W'_th _S_ 1/27 Clarifying the Spin state of the_
voa Center is important for understanding the electronic

(S=1). The spectra were first observed by Vainer and II'in roeture of this fundamental defect

in slightly n-type 6H-SiC(Ref. 4 (labeledP3 andP5) and > l|Jn i‘his . ;Sr ‘jNe resent our EPR studies of the,T
were gttributed to t he far.-d-istance vacancy paWsi{Vc) center in aps-grOWn seﬁni-insulatir(@l) 4H-SIiC. This centaer
with different zero-field splittindZFS) parameteD depend- was observed in all the SI SIiC wafers grown by high-

ing on_the distance between the two _vacancjes. Bgsed On_ﬂf@mperature chemical vapor depositiHTCVD), whereas
hyperfine (HF) structure due to the interaction with 12 Si the Vg signal could not be detected in any sample. In the

atoms in the next nearest neighb@NN) shell, the spin f tha/= sianal. th ith onl
state, the correspondence between the number of the ZPH%’ZE%ZSO d;t:(/:?(l-:‘gIg:(?n,ﬁtrnin-gzihsenggrf gltthgrz:gr:g?
(two in 4H- and three in 6H-SiCand the number of in- Based on our photo-EPR studies we will show that the, T

equivalent lattice sites in each polytype, and the pOSS|bl%pectrum arises from a triplet ground state with a positive

level position in the band gap of 6H- and 4H-SiC,r@an : ;
et all attributed the centers to the neutral isolated siIiconZFS parameteD. The model will then be used to explain

vacancy Vg-) at the quasicubic and hexagonal lattice $itesthe Zeemani result in Ref. 6. T'he. annealing behavior of the
I

In a Zeeman study by Wagneit al. no splitting of any Tyoa CeNter in as-grown material is presented.

ZPL's in the magnetic field up to 5 T has been detected,

indicating that the corresponding PL transitions are between Il. EXPERIMENTS

the singlet states. The triplet spectra seen in ODMR were o )

therefore tentatively explained as being detected indirectly [N irradiated materials, theyb, spectrum always appears

via an excited triplet state located between the ground antpgether with the dominating signal bf;, which has almost

excited singlet statésHowever, recent EPR observations of the sameg value and similar HF structures. This makes the

the same spectra in 4H- and 6H-SiC under equilibrium condirect determination of the spin of the,Z;, center is difficult.

ditions at low temperatured..2 to 4 K)>° suggesting that the In order to avoid the interference of thé; signal, in this

spectrum must arise from the ground state. study we used as-grown semi-insulatifl) 4H-SiC sub-
Recently, complete ligand hyperfine tensors of the interstrates grown by HTCVD? The typical concentration of

action with four C atoms in the nearest neighlddiN) shell  some common residual impurities in HTCVD wafers mea-

have been determinéd;®supporting the isolated silicon va- sured by secondary ion mass spectromet8IMS) is

cancy model. There is an ambiguity about the spinl of  N(nitrogen)~7.6x 10" cm™3, N(boron)~1.2x 10'° cm™ 3,
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4H-SiC v+ T=T7K with this wavelength was used in order to suppress\fe
| 947052 GHz (Ref. 17 and SI-4 signalg.The angular dependence study
@ shows that these two lines belong to a sinl center with
an isotropicg value g=2.0028+0.0001 and a ZFS param-
Lg eterD=46.75<10 % cm ! (or 70.1+ 0.2 MHz). Within ex-
2 b SI4 | perimental error, botly andD values of this center are iden-
g Wy (g=2'0040)‘(51_-20017) _ tical to that of the J),, center measured by Mizuocht al.’
E o Cjﬂ f I Bi¢ In this as-grown high-purity material, the linewidtthe
E, 2630nm0,v W V\A distance between the maximum and minimum of the first
2 derivative EPR lingis only ~0.039 mT and a well-resolved
2 <g=5216?)21) isotropic HF structure is observééig. 1(b)]. The splitting
; ' o between the lined is 0.305 mT, which is a half of the
& @ ” \ ﬁ b B.c splitting between the lines (0.61 mT). The intensity ratios
2630 nm between the HF lines and the main line &@=0.25 and
c¢/a=0.03 if comparing the amplitudeb(a=0.26 andc/a
T T =0.034 if comparing the integrated intengityThis HF
T YPTITVA YPTIT TRV . TV YO structure is clearly the same structure due to the HF interac-
334 33 338 340 342 tion with one and twc*®Si atoms(nuclear spirl =1/2 and a
Magnetic Field (mT) natural abundance of 4.67%mong 12 NNN Si atoms as

observed for the J,, center in Refs. 1 and 7. The observed
intensity ratios are in good agreement with the calculated
ones:b/a=0.273 andc/a=0.037. From the samg and D
values and the NNN®Si HF structure(within experimental

. 3 . 3 : errorg, it is evident that we have observed thg,J center.
N(aluminum)-~6.6x 10> cm ®, and N(vanadium)-8.0 As can be seen in Figs(H) and Xc), it is clear that the {4

X 102 cm™3.1* In this material, intrinsic defects are used to . ) ; .
. . : spectrum consists of only two lines. There is no third central
compensate nitrogen donor to obtain Sl properties. The rﬁi-ne of a possible spifS=3/2 corresponding to the previ-

sistivity of the SI material at room temperature is in the . .
range,¥> 10° Q cm. EPR measurements \?vere performed orPUSly assumed transitiof8/2,+ 1/2)«|3/2,~1/2), which

a BrukerX-band (~9.47 GHz) EPR spectrometer. In photo- M@y be hidden by the strongg; signal always present in
EPR measurements, a xenon lamp with a power of 150 Wi-type iradiated material. The 3, and Tys, spectra in 6H-
was used as the excitation source. Appropriate Iong-S'C with qlearly only two lines each haye prewously been
wavelength-passed and short-wavelength-passed optical fpbserved in ODMR using resonant excitation at the corre-

. y l .
ters were used to form band-passed filters at different wavépond'Tg ZPL'sV2 and V3." From the observations by
lengths. ODMR" and EPR in this work, it is clear that the,J, spec-

trum arises from a spin triplet stat&€1).
We observed the kL, spectrum in all the studied samples
lil. RESULTS AND DISCUSSION (from few tens of different low doped-type or Sl wafers

The sample was mounted and cooled down to 77 K in thérown by HTCVD), but could not detected the undistorted
dark to obtain equilibrium conditions. Figuréal shows the (Ta Symmetry,S=3/2) Vg signal** in any sample even of
EPR spectrum measured in dark at 77 K for the magneti®-type conductivity. We found that the,J, signal is often
field B along thec axis. As indicated in Fig. (&), the EPR  much weaker in slightlyr-type samples than that in SI wa-
signals of the positively charged carbon vacaney: ) (Ref. fers. The failure in detection of thég; signal cannot be due
15) and a new center, labeled SI-9, are predominant. AnothdP the measuring conditions since this center can easily be
line, labeled SI-4, also appears in this regiongef2 (Fig.  Observed either in the dark or under light illumination. As
1). The SI-4 spectrum haS;, symmetry and they values  also shown in Ref. 7, illuminating with a very powerful Igser
are g,=2.0040+0.0002 andg, =2.0024+0.0002!% The (up to 10 W increases the \h, signal (up to the intensity
SI-9 center in Fig. 1 ha€;, symmetry with theg values level of Vg; line) but does not reduce th¥g; signal. The
g,=2.0017:0.0002 andg, =2.0021+0.0002. We will not absence of the undistorted { symmetry,S=3/2) Vg; signal
discuss further the SI-4 and SI-9 centers in this paper. Iin our case also suggests thgtJ is not theVg; center with
addition to these signals, two weak lines-a835.42 mT and the spinS=3/2 andC3, symmetry as suggested in Ref. 7.
~340.40 mT were detecteldFig. 1(@)]. Under illumination Both the low- and high-field lines of theJ, spectrum
by light with photon energieev=1.4 eV \<890 nm), the have the same phase corresponding to the absorption of mi-
intensity of these two lines increase by two orders of mag<rowave(MW) when measuring in the daflEig. 1(a)], but
nitude. Figures () and Xc) show the spectra measured for have opposite phases under light illuminatj@igs. Ib) and
B parallel and perpendicular to tlweaxis, respectively, with  1(c)]. This can be explained by the energy-level scheme il-
a dramatic enhancement in intensity of these two lines unddustrated in Fig. 2. Since the spectrum can be observed in
light illumination with A=630 nm ©v<1.97 eV). [Light  dark and at low temperaturgeven at 1.2—4 KRefs. 3 and

FIG. 1. EPR spectra in Sl 4H-SiC grown by HTCVD measured
for the magnetic field along thec axis and at 77 Ka) in dark; (b)
and (c) under illumination with light of wavelength =630 nm.
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S0, excited state plain the observed spin of the center and the Zeeman results.
This is not an exceptional case for theg,] center but should
PL be a typical property for all the spiB=1 centers with a
& 1,+1> triplet ground state and a singlet excited state. YaeCg;
5| v | /mn o pairs (or P6/P7 centerd in 6H-SiC (Ref. 18 are typical
oo S=1 EPR emission examples. The/c-Cg; centers have the spi8=1 and each
ground state H1> configuration of these paired defects is related a ZPL of a PL
magnetic field band in the near-infrared spectral regi§rzeeman studiés

. ) showed that none of these ZPL's split under the magnetic
FIG. 2. The energy-level scheme for thg,] center in 4H-SiC.  fig|d. In the case of spiS=3/2 ground state as suggested in
Under illumination by light with the photon enerdyv=1.4 eV, Ref 7 there would be more than one optical transition from
only the singlet1,0) state is populated while thel,+1) and|1,  yhe excited statéregardless of its spin multiplicityto the
—.1) statis are gmpty since onIy. the optical transition from thestates|3/2,— 3/2>, |3/2,_ 1/2>, |3/2,+ 1/2}, and |3/2,+ 3/2>
singlet (S=0) excited state to the singlet subleykl0) of the triplet f th tet ground state detected in PL and h th
ground state is allowed, giving rise to the ZRit 1.352 eV for the of the quarltet ground state detected In and hence the
V2 ZPL) in PL. The low- and high-field EPR lines correspond to splitting of the ZPL. under magnetic f.le.ld would be obse_rv-
the MW absorption and emission, respectively. able. T.h.e explanatlon fpr the no.nSp“ttmg of the ZP.L using
an additional nonradiative level in between the excited and
5)] the triplet state must be the ground state. Under equilibground states, and assuming the same splitting in the triplet
rium conditions, all the statd$,M) of the triplet(the sin-  excited state and triplet ground state in Ref. 3, is also not
glet [1,00 and doubletd1,—1) and|1,+1)) are populated satisfactory. It is possible in principle but difficult to have
and the MW absorption occurs in both transitionssuch coincidences of the energy levels in different SiC poly-
[1,00<|1,+1) and [1,—1)<]1,00. In low-frequency types. Even for the cases of both the excited and ground
(X-band EPR experiments, the splitting of these subleveldriplet states having the same splitting, all the sublevels on
under the magnetic field is very small. At elevated temperathe ground state will be populated under light illumination
tures, e.g., at 77 K as in our case, the difference in the popwsince more than one optical transition from the excited triplet
lation at these levels should be also small. Therefore, th&tate are allowed. This would lead to no difference in the
EPR signal measured in the dark is rather wiig. 1(a)].  intensity of the T,, signal when measuring in the dark or
Under illumination by light with the photon energies of under light illumination, which is in disagreement with the
~1.352 eV(the energy of the ZPN2 in 4H-SiQ or higher, observation in Ref. 7 and in our workhe intensity of T,5,
electrons from the sublevels of the triplet ground state argignal increases by about two orders of magnitude under
pumped to the excited state of the center. The excited eledight illumination). It should be noticed that terms “low-field
trons rapidly relax down to the singleS€0) excited state line” and “high-field line” are applicable for the anglesof
and then radiatively recombine to the sindlgf) level in the  the magnetic field in the range 0—54.74ith respect to the
ground state, giving rise to the ZPL observed in PL. Onlydirection of thec axis). For a spinS=1 center, the splitting
this singlet-singlet optical transition is allowed, while the induced by the crystal field becomes zero at the arfjle
optical transitions from the singlet excited state to fhe = =54.74° and the corresponding energy tefrD,(3 cog 0
+1) and|1,—1) sublevels of the ground states are forbid- —1)], changes to the opposite sign afterward. Therefore at
den. As a result, under light illumination only the singlet angles in the range 54.74°-90° the “high-field” line will
ground statd1,0) is populated, whereas th&,+1) and|1,  becomes the “low-field” line and vice versa.
—1) states become empffFig. 2). Under this condition, the In Ref. 13, a very broad, structureless MCDA-EPR line
MW absorption transitioh1,0)—|1,+ 1) and the MW emis-  with ag value of 2.005 was detected at {8 ZPL at 1.359
sion transition|1,00—|1,— 1) will occur, giving rise to the €V in 6H-SIC. A similar spectrum was also detected in
EPR absorption and emission lines. Therefore, two EPR line$5R-SiC™® For some unknown reasons, the ZPR related
always have opposite phases. Since only the singlet state fig the T,,, center was not observed in their MCDA experi-
populated under illumination, differences in population atments. The MCDA-EPR spectrum is completely different
sublevels of the triplet state become much larger compareffom that observed in EPR and ODMR. As can be seen in
to the case of equilibrium conditiofin dark). This explains Fig. 2 of Ref. 13, the asymmetric MCDA-EPR line has a
the dramatic increase of the EPR sigf@bproximately two linewidth at half maximum of about 50 G, which is larger

orders of magnitudeunder illumination. than the largest splitting induced by the crystal field of the
As can be seen in Fig. 1, the EPR absorption gives rise tdys, and Tz, centers in 6H-SiC[~20 G for Ty3, and
the low-field line. Therefore, the ZFS paramelemust be  ~40 G for Ty, (Ref. D]. If the Ty3, and T3, centers were

positive in this case. Since the transitions from the singleaictually observed in their experiments, both the low- and
(S=0) excited state to thgl,+ 1) and|1,— 1) sublevels of high-field lines should be well inside the broad MCDA-EPR
the triplet ground state are forbidden, only one ZPL line corine at all the angles of the magnetic field and cannot be
responding to the singlet-singlet transition can be detectedesolved. The assignment of such a broad MCDA-EPR line
This explains why no splitting of the ZPL under the magneticto a single line from a spi®=1/2 center in Ref. 13 is irrel-
field could be observed in Zeeman experimértsshould be  evant. We believe that the broad MCDA-EPR line is due to
noticed that our model with the triplet ground state and ahe unresolved lines of the,, and T3, centers.

singlet excited state is the only alternative which could ex- It is also possible that the MCDA-EPR signal is related to

205211-3



N. T. SON, Z. ZOLNAI, AND E. JANZEN PHYSICAL REVIEW B 68, 205211 (2003

_ B . centers were also detected. The annealing was performed in a
;:;;f ,nguc 4H-SiC CVD system so the sample was slowly cooled down from
anneal at 1600 °C 1600 °C. The observation of the,J, center after annealing
at such high temperatures is unexpected since it is known

SI-9 from previous studies that the center is annealed out at
M l W around 750 °QRef. 1) and has a similar annealing behavior
as theVg; signall® From this annealing behavior and the fact
that theVg; signal has not been detected in any as-grown
sample, it is possible that the,J, center may be not related
T to the isolated silicon vacancy as generally believed. The
/ v / recent observation of the ligand HF structure due to the in-
_ :TIV.Za. e _]:\:z?_ N teraction with four nearest C neighb®fs®is strong support
335 337 339 341 fqr.t'he |solateo\/$i model, b.ut still cannot rulle out.the pos-
Magnetic Field (mT) sibility of long-distance pairs along the axis, which are
possible in hexagonal SiC polytypes. To our knowledge, the
FIG. 3. EPR spectrum in a Sl 4H-SiC sample annealed alVg; signal has not been observed by magnetic resonance in
1600 °C for 30 min measured for the magnetic fiBldlong thec as-grown materials. Its absence may be due to the process in
axis under white light illumination. which a Si vacancy traps one of its C neighbors to form a
. V- Cg; pairl® The energy barrier required for this process is
other defects but not to thé3 PL line. In MCDA-EPR mea-  ahoyt 1.7 eV which corresponds to the annealing tempera-
surements, the sample is excited by light from a monochrogre — 750 °C of the silicon vacandy. This process can hap-
mator after going through different polarizers and filters.pen during the cooling down of the crystal after growth from
Such excitation is usually very weak. In some MCDA-EPR hq growth temperatur@ormally above 2200 °C in HTCVD
experiments, additional laser light in the visible region isq, in sublimation techniquésin fact, we observe the EPR
also used? If the additional visible light is used, then the ¢ octra of tha/ . Cu. pairs as the d;)minating signals in Sl
absorption and emission processes occur also to other defe@ds- \vafers gro&vn St;y HTCVD and by physical vapor trans-
present in the sample. In irradiated material, there are strongy ¢ (PVT) (see also Refs. 22 and 23
and broad MCDA lines appearing in the region of 1.45-1.55 |, summary, we have observed the EPR spectrum of the
eV (Refs.. 13 and 2Daqd their broad.phonon bands may Ty24 CENter in as-grown Sl 4H-SIC grown by HTCVD in the
overlap with thev1-V3 lines and contribute to the MCDA-  apsence of the undistortedg; signal. The spectrum with
EER S|gnal.bWe kl)mo(\;v fron|1_ ﬂu_r OD'\ng experiments rt]hatonly two lines confirms the spiS=1 of the center. The kb,
\k/)vrozr(lje(\/)%I\E/IiRol\i/r?e(tig nﬂggﬁi;éss:ﬁ inotLgX(gllgal\t/II(I)Rn’stein gpectrum arises from a spin triplet ground state, and its as-
tra in Ref. 1 and related to a so-called lifetime IimFi)ting soc_iated PL Ii_ne corresponds to_the radiative transition from
defectt .'th S | f 201001 will b a singlet excited state to the singlet sublevel of the triplet
efect”) with an isotropicg value of 2. H4 will be round state. The obtained result also explains the nonsplit-

detected together with vacancy-related signals. It is also po ing of the ZPL's of the center in previous Zeeman studies.

tSIbtlf?' th datfth? gﬂfDﬁ'FiEJ;n;gﬁticged dmt Rfef. 1?I’Eg‘|£elatdedThe Ty24 CeNter is present in all as-grown S| material grown
0 this detect but not to - /e data from and by HTCVD with the concentration comparable to that of

OD'\{:R experiments are mo_rtetrﬂggellble. Ilr.' th? ODMF eXkE’le”'shaIIow dopant$N and B and may play an important role in
MEnNtS Using resonance excitatioa,jaser ine rom a lunavle ¢, e compensation processes. Thg,signal reduces sig-

T|—dop§d sapphire Iaser was tuned exactly to excite only .onﬁificantly but can still be detected after annealing at 1600 °C.
transition corresponding to one ZPL and no other absorptions

occurred. The observed ODM®® and EPR(Refs. 2, 7, and
our work) spectra show clear HF structures, which unam-
biguously confirm the presence of a silicon vacancy in the
defect. The authors thank Okmetic AB for providing HTCVD

Figure 3 shows the EPR spectrum in a S| 4H-SiC samplgamples. Support for this work was provided by the SSF
annealed at 1600 °C for 30 min in Ar gas. The spectrum waprogram SiCMAT, the Swedish Research Couli¢iR), the
recorded forB along thec axis and under white light illumi- Swedish Defense Research Agen&P0l), the SIDA Grant
nation. The T,, signal reduces but can be seen with its cleaNo. SRP-2000-025, and the EU Program No. HPMT-CT-
HF structure. In addition to,, the signals o/ and SI-9  2000-00027.

EPR Intensity (linear scale)
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