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UD-3 defect in 4H, 6H, and 1R SiC: Electronic structure and phonon coupling
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The UD-3 photoluminescend®L) spectrum is observed in high-resistive or semi-insulating btk 8H,
and 1R SiC. It consists of one no-phon@NP) line in 4H and 64 SiC and two NP lines in I8 SiC. The line
positions are 1.3555 eV inHl SiC, 1.3440 eV in 61 SiC and 1.3474 eV (UD-3 and 1.3510 eV (UD-g) in
15R SiC. In PL excitation experiments, an additional set of four lines (UBJD-3V) is observed in all three
polytypes. The symmetry of the ground state and the excited states involved in these transitions is determined
from Zeeman and polarization experiments. The NP line is accompanied by a broad phonon assisted side band.
In addition, three sharp transitions UD%3JD-3®, and UD-% and three broader features have been observed.
These are assigned to local phonons.
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I. INTRODUCTION pling to local phonons. On the basis of this, a model for the
recombination mechanism is suggested. The observed sig-
SiC is an exciting material, not only for device applica- nals are best explained assuming that an impurity is in-
tions, but also for basic defect studies because it exists imolved. Possible candidates for this impurity and their rel-
numerous polytypes, the most common ones beidg 8H, evant charge states are discussed. However, a complex
6H, and 1&R. Defects can thus be studied in various envi-defect, possibly involving an intrinsic defect, cannot be ruled
ronments with decreasing symmetry. But even within a crysout at this point.
tal containing only one polytype, a given defect can exist in  The paper is organized as follows: In Sec. I, experimental
different configurations. This is due to the existence of in-details are provided. Then the experimental resits, PL
equivalent lattice sites in the polytypes with lower symmetryexcitation (PLE), polarization, and Zeeman measuremgnts
starting from 4. are presented in Sec. lll. These results are discussed in Sec.
Both dopants like the nitrogen dorfand deep-level de- 1V and summarized in Sec. V.
fects like transition metafs® or intrinsic defect®~!® have
been studied in SiC by optical, electrical, and magnetic reso- Il. EXPERIMENTAL DETAILS
nance experiments. Many of these defects have unambigu-
ously been identified; others have defied identification in Bulk 4H, 6H, and 1R SiC samples grown by the
spite of great efforts, e.g., ti2; (Ref. 16 andD, defects:’ HTCVD technique have been used in this study. Details
Many deep-level defects give rise to photoluminescencé@bout this growth technique can be found in Ref. 22. Their
(PL) and / or absorption lines in the near infrared spectrafhickness varies between 3Q@m and 1 mm. All samples
region. In semi-insulating samples grown by the technique ofvere high resistive or semi-insulating.
high temperature chemical vapor depositigHTCVD), _ The PL and magpeto_—optical experiments were ca(ried out
traces of vanadiufhand chromiur are frequently observed in @ 5 T Oxford split coil superconducting magnet with op-

in PL, but there is also an additional series of lines labeledical access from four sides, in which the temperature can be
UD-1, UD-2, and UD-3 In this paper, we will concentrate Vvaried between 1.5 K and room temperature. The excitation

on the UD-3 defect. sources were an Arlaser tuned to the 351 nm line in PL and
This defect has a long and controversial history. When i@ tunable Ti:Sapphire laser in PLE. The resulting signal was

was reported for the first time int6 SiC °it was believed to ~ Spectrally dispersed by a SPEX 1404 monochromator and

be a phonon replica of tha line in the abc defect system detected by a silicon avalanche photo diode or a liquid-

(now known to originate from the neutral silicon vacancy Nitrogen-cooled germanium detector. Both Faraday and Voigt

(Ref. 12 due to a sharp local phonon. Its energy differenceconfiguration were u;ed in the Zeeman experiments. So_me

to thea line is approximately 90 meV, therefore, it was de- PL spectra were obtameq in a Bomem Fourler' transform in-

noted asag,. Hagen and Kemenade later proved that thefrared spectrometer. In this case, the 35_1 nm line of the Ar

UD-3 luminescence was not related to tadine, in their  laser was used for above-band-gap excitation.

paper it is called spectrum #. Gorban and Slobodyanyuk

agreed on this analysis and relabeled the signal in another Ill. RESULTS

paper. At the same time, they extended their studies to the

15R polytype and found two lines there. The one line id 6 A. Photoluminescence

SiC was now called;, and the two lines in 18 SiC were Figure 1 shows PL spectra under above bandgap excita-
calledf, andf,, respectively’! In this report, we choose to tion of the UD-3 defect in #, 6H, and 1R SiC. This
adopt the most recent name UD%3. defect gives rise to one no-phon@dP) line at 1.3555 eV in

The aim of this work is to provide detailed information 4H SiC, one line at 1.3440 eV inH SiC, and two lines at
about the electronic structure of the UD-3 defect and its coud.3474 eV (UD-3) and 1.3510 eV (UD-g3) in 15R SiC. At

0163-1829/2002/681)/1152049)/$20.00 66 115204-1 ©2002 The American Physical Society



MT. WAGNER, B. MAGNUSSON, W. M. CHEN, AND E. JANZE PHYSICAL REVIEW B 66, 115204 (2002

' ' ' ' ' i ' a2 ' c2 il
41 [pPL UD-3, - 1UD-3"- UD-3 eHsicl
T=2K ) T T=2K ] -
. UD.3° - 5 ] uD-3- UD-3° ]
upg° /| up-3® ] 5 1 uD-3 a o C
. N 4H SiC < - UD-3 - UE-3_
ko) = J
8] 2
= ub-3 7 7
£ ] £ 1
S - 4 27 SPL PLE -
c o ]
:? o o - -
23 H T T T T T T T T T T T
3 1M oH Sic . 115 120 125 130 135 140
= | Photon Energy (eV)
= UD-3L
- - FIG. 2. Selective photoluminescen¢8PL) and PL excitation
UD-3H (PLE) spectra af =2 K of the UD-3 defect in Bl SiC. In SPL, the
il exciting laser is tuned to the energy of the NP line UD-3 and the
g 15R SiC - resulting PL is recorded. In PLE, the detection wavelength is fixed
b to the NP line UD-3 and the excitation wavelength scanned. The
] ] local phonons UD-3 UD-3®, and UD-% are observed both in SPL

196 128 130 132 134 136 and PLE. In SPL, additional features UB¥?3UD-3%, and UD- %2
due to the simultaneous emission of two local phonons are visible.
The sharp lines close to UD-3 are due to additional excited states

FIG. 1. Photoluminescend®L) spectra af =2 K of the UD-3  (cf. Fig. 4.
defectin 4, 6H, and 1R SiC. There are one no-phon@NP) line
UD-3 in 4H and &H SiC and two NP lines UD-3and UD-3, in

15R SiC. Each of the NP lines is followed by a broad phonon tWEfrehn thﬁ three pO!ytyzesl._ band d d ies f
assisted side band and three sharp transitions §DJB-3° and e phonon-assiste and extends toward energies far

UD-3¢, which are attributed to local phonons. below UD-S. In Fig. 3, the enti_re band is shown for thid 4.
polytype in another SPL experiment. Other deep defects like

the low-energy side of the NP lines, a broad phonon-assiste§nadium and chromium can also be excited in a broad range

side band can be observed together with a series of shaf@nt@ining the energy of UD-3. In order to separate the con-
lines UD-F UD-3°, and UD-Z at a distance of approxi- tributions of this broad absorption band from the resonant

mately 90 meV from the NP line. excitation.via UD-3, another SPL scan was recorded at an
In the left part of Fig. 2, results from selective PEPL) ~ €N€ray slightly lower than UD-3. This spectrum was then

experiments are shown, in which the excitation energy iéubtractec_i ffF’m the l_JD'_3 SPL spectrum. The difference

fixed to the energy of the UD-3 NP line. Peaks due to theSPeCtrum is displayed in Fig. 3. The peak of the phonon band

simultaneous emission of two local phonons can be observdg located approximately 170 meV below the UD-3 NP line,

(lines UD-32-UD-3%) in addition to UD-3—UD-3°. Be- it has a width of approximately 230 meV.

side these, broad phonon replicas are visible at distances of _ o

17-19 and 37-39 meVdepending on the polytyperom B. Photoluminescence excitation

UD-3 in both experiments. The energies of all phonons ob- When the detection wavelength is fixed to UD-3, it is

servable are summarized in Table | for all three polytypespossible to scan the excitation wavelength, resulting in a

Photon Energy (eV)

There is a remarkable similarity in the phonon energies be-

TABLE |. Energies of the local phonons observed in PL and PLE experiments.

Polytype H SiC 6H SiC 1R SiC

NP line (eV) 1.3555 1.3440 1.3474 (UDr 3 1.3510 (UD-3)

Experiment PL PLE PL PLE PL PLE PL PLE

Phonon replica

uD-3? 86.6 78.3 86.6 79.4 86.6 78.8 86.6 79.3

UD-3 88.5 82.9 88.7 83.3 88.5 83.1 88.7 83.2

uUD-3¢ 89.4 85.1 89.5 85.4 89.4 85.2 89.6 85.7

115 11 11 11

17 16 18 14 18 14 18 16
39 22 38 22 37 23 37 22
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T ! ' ' ' ' its ground state or in an excited state. Similar to the SPL

1 | 4H SiC ] experiments, there are additional broader phonon replica at

1 [I=5K @Mq energies of 11, 14—16, and 22—23 mé&épending on the

polytype from the NP lines. The energies of all phonon rep-

] licas are summarized in Table I.

_ When the detection energy is fixed to a position deep in

uD-3 | the phonon-assisted side band, it is possible to obtain PLE

spectra containing even the NP line UD-3. Close ups of the

1 1 PLE spectra containing UD-3 and the sharp transitions close

1 to it are shown in Fig. @) for the 4H polytype and in Fig.

1 Y] 4(b) for the 6H polytype. Beside the NP line, four additional

7 7 lines UD-3-UD-3" are found. In 1R SiC, the situation is

08 09 10 11 12 13 more complicated d_ue to t_he existen_ce of two NP Iiﬁ_‘e’g.
Photon Energy (eV) 4(c), lower curvd. It is possible to assign the various lines to

only one of the NP lines by detecting separately on the NP

FIG. 3. The phonon assisted side band of the UD-3 defectin 4 lines UD-3, and UD-3 and scanning the excitation energy
SiC atT=5 K after subtracting contributions from other defects. [Fig. 4(c), upper curvep Again, four additional lines are
The peak of the phonon band is located approximately 170 meYound for each of the NP lines. In addition, Figc#proves
below UD-3, the band has a width of approximately 230 meV.  that the two NP lines are not connected since it is not pos-

sible to excite UD-3 via UD-3y. The line positions of
PLE spectrum. In the right part of Fig. 2, such a PLE specUD-3'-UD-3"V in the three polytypes and their energetic
trum is shown for the Bl polytype together with the results distance to the corresponding NP line are summarized in
of the SPL experiment. In the PLE scan, a series of sharpable II.
transitions only few meV above UD-3 are observed. These Peaks in a PLE experiment can be due to either higher
lines are discussed below. Other features of the two spectiging electronic excited states or phonon replicas. Examples
are remarkably similar. In particular, the sharp lines UD-3 of the latter are the lines UD#3 UD-3° These lines are
UD-3®, and UD-Z appear both in SPL and PLE. Therefore, observable both in PL and PLE experiments at a similar dis-
they are attributed to phonon replicas. Their energy does ndance to the NP line UD-3. UD'3 UD-3", however, do not
match any of the known lattice phonons, therefore they aréave counterparts in PL experiments. It is, therefore, reason-
assigned to local phonon modes. The energy distance @ble to assume that they originate from higher lying excited
these lines from UD-3 is slightly different in SPL compared states. Additional evidence for this assignment is obtained
to PLE, reflecting the fact that these phonon modes hav&éom PL experiments at elevated temperatures, where weak
different frequencies depending on whether the defect is itnot lines are observable at energies corresponding to

230 meV

PL-Intensity (arb.units)

T
4H SiC 6H SiC (c) 1T 5_R28l|<C
PLE detected PLE detected -
| at1.18 eV T 1 at1.20 eV i o
T=5K 1 T=5K detection
at UD-3 1
detection |

atUD-3, |

PLE-Intensity
PLE-Intensity

PLE-Intensity

E Lc-axis

Elc-axis] i detection at |

E||c-axis |

] E||c-axis| .
] 1 ub-3, ]
| 4] i UD-3,
1355 1359  1.363 1342 1346 1350  1.354 1348 1.352 1356 1.360
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

FIG. 4. PLE spectra ak=5 K of the UD-3 defect in # SiC (a) and 6H SiC (b) detected in the phonon-assisted side band. In the upper
spectra, the exciting laser light was polarizétc-axis, in the lower spectra the polarization WE&-axis. The polarization behavior of the
NP line UD-3 and the additional lines due to higher lying excited states UBJB-3V is discussed in the textc) PLE spectra at
T=2 K of the UD-3 defect in 1R SiC. The lowest spectrum was detected in the phonon assisted side band. Both NP lingsad®-3
UD-3y are observed, together with several additional excited states. In order to assign the additional lines to either UD-3,,, PLE
scans were obtained detected at either of the two NP (inger spectna Four lines due to higher lying excited states are observed for both
NP lines. UD-3 and UD-3, are not connected since it is impossible to excite UDvia UD-3,,.
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TABLE Il. Energetic position and polarization behavior of the NP lines UD-3 and the lines due to the
addidtional excited states UD-3UD-3" together with the energetic distance of UD-8ID-3"V to the
corresponding NP line UD-3.

Line Energetic positiorfeV) [Distance to UD-3meV)] Polarization
4H 6H 15R (UD-3)) 15R(UD-3,)

UD-3 1.3555 1.3440 1.3474 1.3510 EL c-axis

up-3' 1.3576(2.1) 1.3459(1.9) 1.3493(1.9 1.3530(2.0) E| c-axis (weak

uD-3" 1.3602(4.7) 1.3485(4.5) 1.3519(4.5 1.3557(4.7) E||c-axis

uD-3" 1.3618(6.3) 1.3513(7.3 1.3545(7.1) 1.3574(6.4) EL c-axis

uD-3V 1.3630(7.5) 1.3523(8.3) 1.3557(8.3) 1.3587(7.7) E|c-axis

UD-3'-UD-3" (Fig. 5, 1R polytype. The assignment is UD-3" and UD-3V parallel to thec-axis. Line UD-3 exhib-
further supported by the observed variation in polarizationits only weak polarization parallel to theaxis. The results
within UD-3'-UD-3"V to be discussed below, as phonon for the NP line UD-3 in &1 and 18R SiC are consistent with
replicas should follow the polarization of the associated electhe results previously publishédThe polarization behavior
tronic transition. of all lines is indicated in Table II.

Zeeman experiments can provide additional information
about the nature of levels involved in an optical transition.
) ) Such experiments were performed both in PL and PLE for all

Information about the electronic structure of the levels|ines in all three polytypes. Each of the NP lines UD-3 splits
involved in the optical transitions can be obtained by polarinto two components when the magnetic field is applied par-
ization and Zeeman experiments. Figurés) 4nd 4b) show gl to thec-axis. The amount of splitting &@=5 T varies
PLE spectra of # SiC and 61 SiC with the exciting light among the lines in the different polytypes: 0.59 meV in

polarized both perpendiculafupper curvg and parallel 444 sic, 0.62 meV in & SiC, and 0.58 meV (UD-3 and
(lower curve to the c-axis of the crystal. Identical results

were obtained for both UD{3and UD-3, in 15R SiC.
Clearly, the NP line UD-3 and one of the additional lines

C. Polarization and Zeeman experiments

15R SiC -

(UD-3"") are polarized perpendicular to thexis, and lines
| Zeeman PL ]
— | T=5K B=5T] <(Bc).
- - \J\Mww 900
- 80°

- PLE 1
- atuD-3, : ]
_ T=17K | - o 70° 1

PLE 1
- at UD—3H } ; -
] T ) 17 K 1 7 MWNM 7
- ] ——‘/\ﬂ ) 400
. . mmmw 30°
x10 i 7 WM 20° 1
/ - 10° ]
i\ _ _
UD-3_ UD-3 T=40Kq

1
PL-Intensity (normalized)
L 1 1
|
g o
S S
1

PL-, PLE-Intensity (normalized)

:
|

I T T T T T T T T
1.346 1.348 1.350 1.352 1.354

T T T T T T T T T T T
1348 1.352 1356 1.360 1.364 Photon Energy (eV)

Photon Energy (eV
9y (eV) FIG. 6. Zeeman photoluminescence spectraTat5 K and

FIG. 5. Photoluminescence of the UD-3 defect irR1SiC atan B=5 T of the UD-3 defect in 1R SiC for various orientations of
elevated temperature df=40 K (lowest spectrum Hot lines ap-  the magnetic field. 0° corresponds Bjc-axis, and the magnetic
pear at positions corresponding to the additional excited statefield was rotated in the (100)-plane. No anisotropy in the basal
UD-3'-UD-3"V seen in PLEupper spectra plane was found.
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FIG. 7. Magnetic field and angular dependenc&ab K of the FIG. 8. Zeeman splitting @=5 T in PL and PLE experiments
Zeeman splitting in PLE experiments for the UD-3 defect id 6 at various temperatures for the UD-3 defect i &iC. In PL, there
SiC. The splitting is linear in the magnetic field for tBdc-axis, is a clear thermalization behavior between the two Zeeman com-
and the angular dependence is well described by a simple expreponents in the temperature range 1.8—40 K. In PLE, the relative
sion for the effectiveg value: g¢s=g|cos6, g, ~0. No splitting is  intensity of the two components is identical above 4.5 K. At
observed for a magnetic field orientatiBai. c-axis. T=2 K, the high-energy component is slightly stronger; the reason

for this is unclear at the moment.
0.57 meV (UD-3)) in 15R SiC. When the magnetic field N .
is rotated away from the-axis, the splitting decreases and transition can be extracted from the experimental results. The
apparently disappears for a magnetic field direction perpené€eman experiments reveal the dege_ngracy of'the levels: In a
dicular to thec-axis (Fig. 6, 1R polytype, lines UD-3 and magnetic field, degenerate levels split into their components

UD-3,,). This is true both foB||[1100] and forB|[1120]. ~ 2¢cording to the effective spin Hamiltonian
The magnetic field dependent splitting of UD-3 &f{ 0001] H= 1aSer- Ger- B, )

and BJ|[1100] together with an angular dependence at
with ug the Bohr magnetonS.y the effective sping.y the

B=5 T are displayed in Fig. 7 for thet6 polytype.
Of the additional excited states, only UD!3wvas found effectiveg tensor, and the magnetic field. The splitting of

to be affected by the magnetic field. Due to its large line-UD-3 is linear up to the maximum magnetic field of Hig.
width compared to UD-30.7 me\j, the splitting could not 7). Its angular dependence can be described by a particularly
be completely resolved at the available maximum field of 5simple expression for the effectievalue:

T. It can, thus, not be determined from these experiments

whether the line splits into two or more components. How-
ever, the polarization behavior of UDY3is identical to the
one for the NP line UD-3. Furthermore, the splitting disap-
pears when the magnetic field is perpendicular toctasis.

@

Here 6 is the angle between the magnetic field direction and
the c-axis of the crystalg, the effectiveg value parallel to
It is, therefore, plausible to assume that line U-Bas the the C-axis, anc_jgl the e_ffectweg value perpendicular to the
. c-axis. No anisotropy in the basal plane has been found, so
same character as the NP line UD-3. the symmetry of the defect is £ (the symmetry of a sub-
In order to determine whether the splitting occurs in the . Y y . y y
stitutional lattice sitg

excited state or the ground state involved in the transition; Two Zeeman components are observed at anv anale ex-
temperature dependent Zeeman PL and PLE experiments &5 tin per endicularpdirection where the two Iineg coir?cide
B=5 T were performedFig. 8). There is a clear redistribu- ptin perp )

tion of intensity in the PL experiments between 1.8 and 40 KThIS Is true for both PL and PLE experiments at various
temperatures. It can, therefore, be concluded that the corre-

which can be well explained by the assumption of a Boltz- . o .
o . . sponding transition occurs between a singlet state and a dou-
mann distribution of carriers between two excited states. N o .
let state. Thermalization between the two components is

change in relative intensity is observed in PLE between 4. Jbserved in PL experiments, but not in PLE. This implies
and 30 K. At 2 K, the higher energy component is Sllghtlythat it is the excited state, which splits in the magnetic field,

more intense in PLE. The reason for this behavior is unclear . ?
whereas the ground state is nondegenerate. In this case, equal
at the moment.

intensity in both lines is expected in PLE experiments at any

temperature. While this is true above 4.5Kig. 8), there is

a minor deviation at 2 K. The reason for this behavior is

unclear at this moment. However, a Zeeman splitting of the

ground state can be excluded since three of the additional
Detailed information about the electronic structure of thePLE lines (UD-3, UD-3", and UD-3") do not split in the

ground state and the excited states involved in the opticahagnetic field. This implies that they originate from transi-

geri=gjcosd, g, ~0.

IV. DISCUSSION

A. Electronic structure of ground state and excited states

115204-5



MT. WAGNER, B. MAGNUSSON, W. M. CHEN, AND E. JANZE PHYSICAL REVIEW B 66, 115204 (2002

TABLE lll. Effective g valuesg of the excited state giving rise 1 A
to the UD-3 emission for a magnetic field direction parallel to the e 2
c-axis (@, ~0 in all cases The real physical observablg  is ry —_—— E
readily obtained from the effectiveg value through g, 1A
=g)/2 (9, ,L~0). ;2
A
i e 1
Polytype Line g gL — <~\ E
4H ubD-3 2.04+0.03 1.02£0.03
6H ubD-3 2.14+0.03 1.0%0.03
15R UD-3, 2.00=0.03 1.0G:=0.03
UD-3y 1.97+0.03 0.9850.03
tions between a singlet ground state and singlet excited
states. Line UD-3 seems to split in a similar way as the NP
line UD-3, although the splitting cannot be completely re- 1

solved at the available maximum field of 5 T. The splitting is yp.3 yp-3' ub-3" up-3" uD-3" UD-3
also largest when the magnetic field is applied parallel to the
c-axis, and disappears in perpendicular direction. UDeX- B=0 @ —-—-—————- »> B
hibits the same polarization behavior as UD-3; both lines are
strongest inEL ¢ polarization. The reverse is true for lines
UD-3" and UD-3". These lines sho||c polarization, and
they do not split in a magnetic field. Even line UD-@es
not split in the field, but its polarization is only weakgjc.
The experimental results imply that the ground state ofXplained by assuming a transition between a ground state of
UD-3 is a singlet level. No spin degeneracy was found, so agymmetryA; and an excited state of symmety In a simi-
even number of charge carriers is bound to the defect. Thi&r way, lines UD-3 and UD-3Y can be assigned to transi-
angular dependence of the NP line UD-3 can be explained b{jonsA;«<A,. Line UD-3'is rather weak and is only weakly

assuming an orbital angular momenturs 1 for the excited ~ PolarizedEflc. This may imply that this transition occurs
state and no spin degenera@ye., S=0). The splitting of between theA; ground state and af; excited state. Such a

FIG. 9. Schematic of the levels involved in the internal transi-
tions of UD-3. The configuration of the levels in a crystal field of
symmetryCs,, is indicated.

such a state in a magnetic field is then described by transition is forbidden in both polarizations. However, even
the polarization of the other lines is not complete, implying a
E(m) =g, ugm,B. (3)  relaxation of the selection rules. The same relaxation may

make line UD-3 slightly allowed and observable.

For an unquenched orbital angular momentum and no ad- No spin degeneracy was found in any of the levels in-
mixture of higher lying states by spin-orbit interaction, g volved. Their configurations are therefore deduced tdAg
=1. Them;=0 level is split off in the low-symmetryQs,)  for the ground state antE, *A;, 'A,, 'E, and'A, for the
crystal field, them==1 levels can then be treated as aexcited states. A schematic of the levels and the recombina-
doublet in the framework of an effective spin Hamiltonian. tion at low temperature is shown in Fig. 9.
An effective spinS.z= 1/2 has to be assigned. In Sec. Ill C it
was shown that the splitting of UD-3 in a field B=5 T is
approximately 0.6 meV. Using Eql) an effective g-value B. Recombination mechanism
gef~2 is obtained readily foB|/c-axis. On the other hand,  Radiative transitions in semiconductors at energies far be-
from Eq. (3) the splitting can be calculated &m;=1)  |ow the band-gap energy, which consist of sharp NP lines,
—E(m=-1)=2ugB=0.579 meV. The difference can be are often due to either recombination of a bound exciton or
accounted for by admixture of higher lying excited statesinternal transitions within a deep defect. The observation of a
through the action of the spin-orbit interaction. The effectiveground state without spin or orbital degeneracy rules out the
g valuesg for the magnetic field applied parallel to the possibility of an exciton bound to a neutral donor or acceptor
c-axis are summarized in Table Ill. The real physical observbecause in that case the ground state would be spin degen-
able g is readily obtained from the effectivg value erate. Even an exciton bound to an isoelectronic impurity can
throughg . =g;/2. be excluded, since in this case more than two Zeeman com-

Selection rules for optical transitions apply in a crystalponents would be expected in a general direction, i.e., when
field of symmetryC,,. For an electric dipole transition, the the magnetic field is not parallel to one of the high-symmetry
allowed transitions areA; <A, andE«—E for E|c polariza-  directions. Three or four lines should be observed, depending
tion andA;«—E, A,—~E, andE«—E for ELc polarization. on whether the orbital angular momentum of the hole is
Experimentally, lines UD-3 and UD!8 were found to be quenched or not.
polarizedEL ¢, whereas lines UD-8and UD-3V show an One possible explanation for the observed Zeeman pattern
Ellc polarization. Both the Zeeman results and the polarizainvolves internal transitions of a deep level defé€ig. 9).
tion behavior of UD-3 and UD-% can, thus, consistently be This can be either an intrinsic defect like vacancies or anti-
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sites, an impurity atom, or complexes of these. Sharp Plield of symmetryT4 or C;5, can lead to a ground state with
lines in the infrared spectral region due to transition metalsio spin or orbital degeneracy, i.e., a state with,
like vanadiurﬁ and chromiurﬁ have been observed in SiC, symmetryz_7 In order to explain the doublet and singlet na-
but also in most other semiconductors. These lines have beeiire of the excited states, a crystal field of lower symmetry
attributed to transitions within thed3shell of the atom. De- C;, has to be assumed. It should be mentioned that for a
pending on the occupation of thel3hell, various configu- defect residing on an interstitial site, the splitting of the
rations of the ground state and the excited states are possiblgstates will be reversed, theg doublet is then lying lower in
Also some intrinsic defects give rise to internal transitionsenergy. In this case, d* configuration may explain théA,
in the infrared region. Such defecte.g., vacancigsare  symmetry of the ground state.
likely to be created during the high-temperature growth. In- = Radiative transitions in the near infrared spectral region
deed, the well-known PL signal originating from the neutraldue to transition metals of thed3group have been reported
silicon vacancy’ can be observed in most of the samplespefore in SiC>° but also in other semiconductors like
investigated under excitation with the Ti:Sapphire laser. ~ GaN?32° As shown above, the energies of the local phonon
modes found for the UD-3 defect are very close to the ones
reported for Ti, V, and Cr in SiC. These two observations
imply that UD-3 may be another impurity of thed 3jroup
The phonon replicas found in PL and PLE experiments daesiding on the same lattice sitthe substitutional Si sije
not match any of the known lattice phonons in the threesince for heavier atomdike elements from the rare earth
polytypes. They are, therefore, attributed to local phonorgroup the phonon energies should be different. An impurity
modes. These modes typically involve vibrations of the im-residing on an interstitial site should give rise to completely
purity atom and one or very few lattice atoms in the closedifferent phonon modes. Ad§ configuration is possible for
vicinity. Since the nearest neighbor shell of an impurity isFe?", Co®", or Ni*" in free ion notation. The correspond-
almost independent of the polytygeith only minor differ-  ing charge states afé&e]2~, [Co] ~, and[Ni]°. These ele-
ences in the distance between neighboring ajpihgs not  ments residing on a Si-site are, thus, likely candidates for the
surprising that these local modes have almost the same eltD-3 defect. A direct prove of the chemical identity would
ergy in all three polytypes. Modes with similar energy com-be the observation of electron paramagnetic resondtieB)
pared to the sharp lines between 86.6 and 89.6 meV at ther optically detected magnetic resonan@DMR) signals
UD-3 defect(Table ) have been found for some transition related to the defect. Unfortunately, the electronic structure
metal impurities in SiC: titanium in i@ SiC with phonon of the defect is very unfavorable for such experiments. A
energies 90.1, 89.8, and 89.7 néWwanadium in 61 SiC  splitting of the ground state is necessary for EPR experi-
(89, 88.6, and 88.3 meV; similar values apply for thid 4 ments. But as shown by the Zeeman results, the ground state
polytype® and chromium(several lines between 85.6 and of UD-3 is a spin and orbital singlet. ODMR can be success-
88.9 meV in 4 and &H SiC).° ful if one of the excited states splits in the magnetic field.
Recombination at other defects is, in some cases, alsbven though this is the case for the lowest lying excited
accompanied by sharp phonon replicas due to local phonostate, a microwave induced transition betweenrihe =1
modes. One example is th#&, defect, which is presumably states is forbidden. So final defect identification based on
of intrinsic nature. However, the energies of the localsuch experiments will be difficult.
phonons are in this case found to be 82.7 meV and 83.4 The investigated samples are all high resistive or semi-
meV?*i.e., considerably lower than in UD-3 and the transi-insulating. Therefore, the Fermi-level is close to the middle
tion metal impurities cited above. Broader features similar toof the band gap. Iron in the negative charge state [Fe],
the local phonons in the range 11-39 meV for the UD-3has been observed by EPRrirstype 6H SiC3° If iron does
defect have also been reported in PL spectra of vanad2m not exhibit a strong negativie- behavior, then the doubly
meV)® and titanium(26—-30 meV.3 negative charge stafée]’>~ can be ruled out for the expla-
For electrons in thel shell of a free atom, Hund’s rule nation of UD-3. Not much is known about the electronic
applies, which states that the spins of all electrons should bstructure of cobalt and nickel in SiC. An EPR signal with
aligned parallel, leading to a high-spin configuration of theeffective spin $3/2 in iron-doped SiC, which is observed
ground state. The predominantly tetrahedral symmety ( after illumination with visible or infrared light, has tenta-
for a substitutional site in SIiC splits the fivefold orbitally tively been assigned {iNi]~ (Ref. 3). However, no hyper-
degenerate level by the action of the crystal field intotg,  fine interaction was observed, therefore other impurities or
triplet and aney doublet, with the triplet lying lower in complexes could not be ruled out. It is interesting to note that
energy? If the splitting between these two levels is suffi- in some sublimation grown SiC crystals, iron and nickel
ciently large, it becomes energetically favorable to first fillwere found by secondary ion mass spectroscGpMS)
the t,4 level, even if this requires violating Hund’s rule. analysis to be major contaminarifs.
Theoretically, a low-spin configuration has been predicted Until the defect has been unambiguously identifiedy.,
for iron and scandium substituting for a silicon atom in SiC,by intentional doping alternative defect configurations can-
whereas for the same atoms residing on the carbon sublatticet be ruled out. One possibility would be an intrinsic defect,
a high-spin configuration is retainé®This behavior is ex- since internal transitions within such defects can also give
plained by the difference in crystal field strength on the tworise to luminescence in the infrared spectral region. How-
sublattices. In the case ofd® configuration, a strong crystal ever, most of the isolated intrinsic defects disappear after

C. Chemical identity
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annealing at high temperatures. The UD-3 defect, on thequivalent lattice sites, no radiative recombination via this
other hand, was found to persist even after an annealingharge state of the defect will be observable. It is interesting
stage at 1625°C for 15 min. Defects of intrinsic nature,to note that the number of NP lines observed for the UD-3
which survive up to very high temperatures, have been foundefect corresponds to the numbethefkagonalattice sites in

in SiC, the most famous one being tby center. Usually, the three polytypes.
such defects are complex defects like divacancies or

vacancy-impurity complexes. The UD-3 defect may have a

S . . . V. SUMMARY
similar origin. Certain restrictions on the nature of the com-
plex must apply in this case: The defect has a symm@try The electronic structure of the ground state and the lowest
i.e., the constituents have to be aligned alongdfzeis. lying excited states of the UD-3 defect iH4 6H, and 1R

In many cases, the detailed properties of defects in SiGSiC has been deduced from a combination of PL, PLE, Zee-
depend on the inequivalent lattice site on which the defectman, and polarization experiments. From the angular depen-
resides. This is true for shallow dopants like nitrogeioy ~ dence of the Zeeman splitting, the symmetry of the defect is
excitons bound to impurities like titaniufifor intrinsic de-  found to beC,, . The ground state is a non-degenerate spin
fects like the neutral silicon vacan&yand for internal tran-  and orbital singlettA;, the symmetry of the excited states is
sitions at transition metal impurities like vanaditirand  'E, A;, 'A,, 'E, and A, (in order of increasing energy
chromium® There are two inequivalent lattice sites itd4 This electronic structure implies that the radiative transitions
SiC, three in 61 SiC and five in 1R SiC. A corresponding observed are due to internal transitions within a deep-level
number of distinguishable signals are thus expected for suldefect. Besides a broad phonon assisted side band, sharp
stitutional impurities. There are exceptions from this behav{ransitions due to local phonons with energies of approxi-
ior. TheD, defect consists of only one NP line it4SiC2*  mately 90 meV have been found in PL and PLE experiments.
whereas there are three NP lines iH &iC3* For the EPR The energy of the UD-3 luminescence as well as the en-
signal due to the silicon vacancy in the negative charge statergy of the local phonons is similar to the ones found for
only one line has been reported both iH 4Ref. 35 and &H some transition metal impurities like vanadium and chro-
sictt mium in SiC, but also in other semiconductors like GaN. It is

The observation of only one NP line due to the UD-3therefore possible that the UD-3 defect is another impurity of

defect in 44 and &4 SiC and two NP lines in 18 SiC may  this kind. A 3d® configuration may explain the singlet elec-
be explained in several ways. If the defect is a complex, itronic structure of the ground state. In this cagke]’ ™,
may contain defects residing on more than one substitution&lCo] ~, or [Ni]° are possible candidates for UD-3. At this
site. In this case, only one configuration may be possible ippoint, other defect configurations like a complex defect, pos-
4H and &H SiC, while there are two possibilities in B5  sibly involving an intrinsic defect, cannot be ruled out.
SiC. For an isolated defect, the energetic position of the cor-
responding charge state in the band gap may vary between
the inequivalent sites. In the case, when either the ground
state or the excited state involved in the UD-3 transition is The authors would like to thank Okmetic AB for kindly
resonant with the valence or conduction band for some insupplying the samples used in this study.
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