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UD-3 defect in 4H , 6H , and 15R SiC: Electronic structure and phonon coupling

Mt. Wagner,* B. Magnusson,† W. M. Chen, and E. Janze´n
Dept. of Physics and Measurement Technology, Linko¨ping University, SE-581 83 Linko¨ping, Sweden

~Received 15 April 2002; published 26 September 2002!

The UD-3 photoluminescence~PL! spectrum is observed in high-resistive or semi-insulating bulk 4H, 6H,
and 15R SiC. It consists of one no-phonon~NP! line in 4H and 6H SiC and two NP lines in 15R SiC. The line
positions are 1.3555 eV in 4H SiC, 1.3440 eV in 6H SiC and 1.3474 eV (UD-3L) and 1.3510 eV (UD-3H) in
15R SiC. In PL excitation experiments, an additional set of four lines (UD-3I–UD-3IV) 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-3a, UD-3b, and UD-3c and three broader features have been observed.
These are assigned to local phonons.

DOI: 10.1103/PhysRevB.66.115204 PACS number~s!: 61.72.Ji, 63.20.Pw, 71.55.Cn, 71.70.Ej
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I. INTRODUCTION

SiC is an exciting material, not only for device applic
tions, but also for basic defect studies because it exist
numerous polytypes, the most common ones being 3C, 4H,
6H, and 15R. Defects can thus be studied in various en
ronments with decreasing symmetry. But even within a cr
tal containing only one polytype, a given defect can exis
different configurations. This is due to the existence of
equivalent lattice sites in the polytypes with lower symme
starting from 4H.

Both dopants like the nitrogen donor1 and deep-level de
fects like transition metals2–9 or intrinsic defects10–15 have
been studied in SiC by optical, electrical, and magnetic re
nance experiments. Many of these defects have unamb
ously been identified; others have defied identification
spite of great efforts, e.g., theD1 ~Ref. 16! andD2 defects.17

Many deep-level defects give rise to photoluminesce
~PL! and / or absorption lines in the near infrared spec
region. In semi-insulating samples grown by the technique
high temperature chemical vapor deposition~HTCVD!,
traces of vanadium5 and chromium9 are frequently observed
in PL, but there is also an additional series of lines labe
UD-1, UD-2, and UD-3.18 In this paper, we will concentrate
on the UD-3 defect.

This defect has a long and controversial history. Whe
was reported for the first time in 6H SiC,19 it was believed to
be a phonon replica of thea line in the abc defect system
~now known to originate from the neutral silicon vacanc!
~Ref. 12! due to a sharp local phonon. Its energy differen
to thea line is approximately 90 meV, therefore, it was d
noted asa90. Hagen and Kemenade later proved that
UD-3 luminescence was not related to thea line, in their
paper it is called spectrum II.20 Gorban and Slobodyanyu
agreed on this analysis and relabeled the signal in ano
paper. At the same time, they extended their studies to
15R polytype and found two lines there. The one line in 6H
SiC was now calledf 1, and the two lines in 15R SiC were
called f 1 and f 2, respectively.21 In this report, we choose to
adopt the most recent name UD-3.18

The aim of this work is to provide detailed informatio
about the electronic structure of the UD-3 defect and its c
0163-1829/2002/66~11!/115204~9!/$20.00 66 1152
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pling to local phonons. On the basis of this, a model for
recombination mechanism is suggested. The observed
nals are best explained assuming that an impurity is
volved. Possible candidates for this impurity and their r
evant charge states are discussed. However, a com
defect, possibly involving an intrinsic defect, cannot be ru
out at this point.

The paper is organized as follows: In Sec. II, experimen
details are provided. Then the experimental results@PL, PL
excitation ~PLE!, polarization, and Zeeman measuremen#
are presented in Sec. III. These results are discussed in
IV and summarized in Sec. V.

II. EXPERIMENTAL DETAILS

Bulk 4H, 6H, and 15R SiC samples grown by the
HTCVD technique have been used in this study. Deta
about this growth technique can be found in Ref. 22. Th
thickness varies between 300mm and 1 mm. All samples
were high resistive or semi-insulating.

The PL and magneto-optical experiments were carried
in a 5 T Oxford split coil superconducting magnet with o
tical access from four sides, in which the temperature can
varied between 1.5 K and room temperature. The excita
sources were an Ar1 laser tuned to the 351 nm line in PL an
a tunable Ti:Sapphire laser in PLE. The resulting signal w
spectrally dispersed by a SPEX 1404 monochromator
detected by a silicon avalanche photo diode or a liqu
nitrogen-cooled germanium detector. Both Faraday and V
configuration were used in the Zeeman experiments. So
PL spectra were obtained in a Bomem Fourier transform
frared spectrometer. In this case, the 351 nm line of the A1

laser was used for above-band-gap excitation.

III. RESULTS

A. Photoluminescence

Figure 1 shows PL spectra under above bandgap ex
tion of the UD-3 defect in 4H, 6H, and 15R SiC. This
defect gives rise to one no-phonon~NP! line at 1.3555 eV in
4H SiC, one line at 1.3440 eV in 6H SiC, and two lines at
1.3474 eV (UD-3L) and 1.3510 eV (UD-3H) in 15R SiC. At
©2002 The American Physical Society04-1
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the low-energy side of the NP lines, a broad phonon-assi
side band can be observed together with a series of s
lines UD-3a, UD-3b, and UD-3c at a distance of approxi
mately 90 meV from the NP line.

In the left part of Fig. 2, results from selective PL~SPL!
experiments are shown, in which the excitation energy
fixed to the energy of the UD-3 NP line. Peaks due to
simultaneous emission of two local phonons can be obse
~lines UD-3a2– UD-3c2) in addition to UD-3a–UD-3c. Be-
side these, broad phonon replicas are visible at distance
17–19 and 37–39 meV~depending on the polytype! from
UD-3 in both experiments. The energies of all phonons
servable are summarized in Table I for all three polytyp

FIG. 1. Photoluminescence~PL! spectra atT52 K of the UD-3
defect in 4H, 6H, and 15R SiC. There are one no-phonon~NP! line
UD-3 in 4H and 6H SiC and two NP lines UD-3L and UD-3H in
15R SiC. Each of the NP lines is followed by a broad phon
assisted side band and three sharp transitions UD-3a, UD-3b, and
UD-3c, which are attributed to local phonons.
11520
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There is a remarkable similarity in the phonon energies
tween the three polytypes.

The phonon-assisted PL band extends toward energie
below UD-3. In Fig. 3, the entire band is shown for the 4H
polytype in another SPL experiment. Other deep defects
vanadium and chromium can also be excited in a broad ra
containing the energy of UD-3. In order to separate the c
tributions of this broad absorption band from the reson
excitation via UD-3, another SPL scan was recorded at
energy slightly lower than UD-3. This spectrum was th
subtracted from the UD-3 SPL spectrum. The differen
spectrum is displayed in Fig. 3. The peak of the phonon b
is located approximately 170 meV below the UD-3 NP lin
it has a width of approximately 230 meV.

B. Photoluminescence excitation

When the detection wavelength is fixed to UD-3, it
possible to scan the excitation wavelength, resulting in

FIG. 2. Selective photoluminescence~SPL! and PL excitation
~PLE! spectra atT52 K of the UD-3 defect in 6H SiC. In SPL, the
exciting laser is tuned to the energy of the NP line UD-3 and
resulting PL is recorded. In PLE, the detection wavelength is fix
to the NP line UD-3 and the excitation wavelength scanned. T
local phonons UD-3a, UD-3b, and UD-3c are observed both in SPL
and PLE. In SPL, additional features UD-3a2, UD-3b2, and UD-3c2

due to the simultaneous emission of two local phonons are visi
The sharp lines close to UD-3 are due to additional excited st
~cf. Fig. 4!.
TABLE I. Energies of the local phonons observed in PL and PLE experiments.

Polytype 4H SiC 6H SiC 15R SiC
NP line ~eV! 1.3555 1.3440 1.3474 (UD-3L) 1.3510 (UD-3H)

Experiment PL PLE PL PLE PL PLE PL PLE

Phonon replica
UD-3a 86.6 78.3 86.6 79.4 86.6 78.8 86.6 79.3
UD-3b 88.5 82.9 88.7 83.3 88.5 83.1 88.7 83.2
UD-3c 89.4 85.1 89.5 85.4 89.4 85.2 89.6 85.7

11.5 11 11 11
17 16 18 14 18 14 18 16
39 22 38 22 37 23 37 22
4-2
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UD-3 DEFECT IN 4H, 6H, AND 15R SiC: . . . PHYSICAL REVIEW B 66, 115204 ~2002!
PLE spectrum. In the right part of Fig. 2, such a PLE sp
trum is shown for the 6H polytype together with the result
of the SPL experiment. In the PLE scan, a series of sh
transitions only few meV above UD-3 are observed. Th
lines are discussed below. Other features of the two spe
are remarkably similar. In particular, the sharp lines UD-a,
UD-3b, and UD-3c appear both in SPL and PLE. Therefor
they are attributed to phonon replicas. Their energy does
match any of the known lattice phonons, therefore they
assigned to local phonon modes. The energy distanc
these lines from UD-3 is slightly different in SPL compar
to PLE, reflecting the fact that these phonon modes h
different frequencies depending on whether the defect i

FIG. 3. The phonon assisted side band of the UD-3 defect inH
SiC at T55 K after subtracting contributions from other defec
The peak of the phonon band is located approximately 170 m
below UD-3, the band has a width of approximately 230 meV.
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its ground state or in an excited state. Similar to the S
experiments, there are additional broader phonon replic
energies of 11, 14–16, and 22–23 meV~depending on the
polytype! from the NP lines. The energies of all phonon re
licas are summarized in Table I.

When the detection energy is fixed to a position deep
the phonon-assisted side band, it is possible to obtain P
spectra containing even the NP line UD-3. Close ups of
PLE spectra containing UD-3 and the sharp transitions cl
to it are shown in Fig. 4~a! for the 4H polytype and in Fig.
4~b! for the 6H polytype. Beside the NP line, four additiona
lines UD-3I– UD-3IV are found. In 15R SiC, the situation is
more complicated due to the existence of two NP lines@Fig.
4~c!, lower curve#. It is possible to assign the various lines
only one of the NP lines by detecting separately on the
lines UD-3H and UD-3L and scanning the excitation energ
@Fig. 4~c!, upper curves#. Again, four additional lines are
found for each of the NP lines. In addition, Fig. 4~c! proves
that the two NP lines are not connected since it is not p
sible to excite UD-3L via UD-3H . The line positions of
UD-3I– UD-3IV in the three polytypes and their energe
distance to the corresponding NP line are summarized
Table II.

Peaks in a PLE experiment can be due to either hig
lying electronic excited states or phonon replicas. Examp
of the latter are the lines UD-3a– UD-3c. These lines are
observable both in PL and PLE experiments at a similar d
tance to the NP line UD-3. UD-3I– UD-3IV, however, do not
have counterparts in PL experiments. It is, therefore, reas
able to assume that they originate from higher lying exci
states. Additional evidence for this assignment is obtain
from PL experiments at elevated temperatures, where w
hot lines are observable at energies corresponding

V

per
e

3

oth
FIG. 4. PLE spectra atT55 K of the UD-3 defect in 4H SiC ~a! and 6H SiC ~b! detected in the phonon-assisted side band. In the up
spectra, the exciting laser light was polarizedE'c-axis, in the lower spectra the polarization wasEic-axis. The polarization behavior of th
NP line UD-3 and the additional lines due to higher lying excited states UD-3I– UD-3IV is discussed in the text.~c! PLE spectra at
T52 K of the UD-3 defect in 15R SiC. The lowest spectrum was detected in the phonon assisted side band. Both NP lines UD-L and
UD-3H are observed, together with several additional excited states. In order to assign the additional lines to either UD-3L or UD-3H , PLE
scans were obtained detected at either of the two NP lines~upper spectra!. Four lines due to higher lying excited states are observed for b
NP lines. UD-3L and UD-3H are not connected since it is impossible to excite UD-3L via UD-3H .
4-3
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TABLE II. Energetic position and polarization behavior of the NP lines UD-3 and the lines due to
addidtional excited states UD-3I– UD-3IV together with the energetic distance of UD-3I– UD-3IV to the
corresponding NP line UD-3.

Line Energetic position~eV! @Distance to UD-3~meV!# Polarization
4H 6H 15R (UD-3L) 15R(UD-3H)

UD-3 1.3555 1.3440 1.3474 1.3510 E'c-axis
UD-3I 1.3576~2.1! 1.3459~1.9! 1.3493~1.9! 1.3530~2.0! Eic-axis ~weak!
UD-3II 1.3602~4.7! 1.3485~4.5! 1.3519~4.5! 1.3557~4.7! Eic-axis
UD-3III 1.3618~6.3! 1.3513~7.3! 1.3545~7.1! 1.3574~6.4! E'c-axis
UD-3IV 1.3630~7.5! 1.3523~8.3! 1.3557~8.3! 1.3587~7.7! Eic-axis
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UD-3I– UD-3IV ~Fig. 5, 15R polytype!. The assignment is
further supported by the observed variation in polarizat
within UD-3I– UD-3IV to be discussed below, as phono
replicas should follow the polarization of the associated e
tronic transition.

C. Polarization and Zeeman experiments

Information about the electronic structure of the lev
involved in the optical transitions can be obtained by pol
ization and Zeeman experiments. Figures 4~a! and 4~b! show
PLE spectra of 4H SiC and 6H SiC with the exciting light
polarized both perpendicular~upper curve! and parallel
~lower curve! to the c-axis of the crystal. Identical result
were obtained for both UD-3L and UD-3H in 15R SiC.
Clearly, the NP line UD-3 and one of the additional lin
(UD-3III ) are polarized perpendicular to thec-axis, and lines

FIG. 5. Photoluminescence of the UD-3 defect in 15R SiC at an
elevated temperature ofT540 K ~lowest spectrum!. Hot lines ap-
pear at positions corresponding to the additional excited st
UD-3I– UD-3IV seen in PLE~upper spectra!.
11520
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UD-3II and UD-3IV parallel to thec-axis. Line UD-3I exhib-
its only weak polarization parallel to thec-axis. The results
for the NP line UD-3 in 6H and 15R SiC are consistent with
the results previously published.19 The polarization behavior
of all lines is indicated in Table II.

Zeeman experiments can provide additional informat
about the nature of levels involved in an optical transitio
Such experiments were performed both in PL and PLE for
lines in all three polytypes. Each of the NP lines UD-3 spl
into two components when the magnetic field is applied p
allel to thec-axis. The amount of splitting atB55 T varies
among the lines in the different polytypes: 0.59 meV
4H SiC, 0.62 meV in 6H SiC, and 0.58 meV (UD-3L) and

es

FIG. 6. Zeeman photoluminescence spectra atT55 K and
B55 T of the UD-3 defect in 15R SiC for various orientations of
the magnetic field. 0° corresponds toBic-axis, and the magnetic

field was rotated in the (11̄00)-plane. No anisotropy in the bas
plane was found.
4-4
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UD-3 DEFECT IN 4H, 6H, AND 15R SiC: . . . PHYSICAL REVIEW B 66, 115204 ~2002!
0.57 meV (UD-3H) in 15R SiC. When the magnetic fieldB
is rotated away from thec-axis, the splitting decreases an
apparently disappears for a magnetic field direction perp
dicular to thec-axis ~Fig. 6, 15R polytype, lines UD-3L and
UD-3H). This is true both forBi@11̄00# and forBi@112̄0#.
The magnetic field dependent splitting of UD-3 forBi@0001#
and Bi@11̄00# together with an angular dependence
B55 T are displayed in Fig. 7 for the 6H polytype.

Of the additional excited states, only UD-3III was found
to be affected by the magnetic field. Due to its large lin
width compared to UD-3~0.7 meV!, the splitting could not
be completely resolved at the available maximum field o
T. It can, thus, not be determined from these experime
whether the line splits into two or more components. Ho
ever, the polarization behavior of UD-3III is identical to the
one for the NP line UD-3. Furthermore, the splitting disa
pears when the magnetic field is perpendicular to thec-axis.
It is, therefore, plausible to assume that line UD-3III has the
same character as the NP line UD-3.

In order to determine whether the splitting occurs in t
excited state or the ground state involved in the transiti
temperature dependent Zeeman PL and PLE experimen
B55 T were performed~Fig. 8!. There is a clear redistribu
tion of intensity in the PL experiments between 1.8 and 40
which can be well explained by the assumption of a Bo
mann distribution of carriers between two excited states.
change in relative intensity is observed in PLE between
and 30 K. At 2 K, the higher energy component is sligh
more intense in PLE. The reason for this behavior is unc
at the moment.

IV. DISCUSSION

A. Electronic structure of ground state and excited states

Detailed information about the electronic structure of t
ground state and the excited states involved in the opt

FIG. 7. Magnetic field and angular dependence atT55 K of the
Zeeman splitting in PLE experiments for the UD-3 defect in 6H
SiC. The splitting is linear in the magnetic field for theBic-axis,
and the angular dependence is well described by a simple ex
sion for the effectiveg value:geff5gicosu, g''0. No splitting is
observed for a magnetic field orientationB'c-axis.
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transition can be extracted from the experimental results.
Zeeman experiments reveal the degeneracy of the levels:
magnetic field, degenerate levels split into their compone
according to the effective spin Hamiltonian

H5mBSeff•geff•B, ~1!

with mB the Bohr magneton,Seff the effective spin,geff the
effectiveg tensor, andB the magnetic field. The splitting o
UD-3 is linear up to the maximum magnetic field of 5 T~Fig.
7!. Its angular dependence can be described by a particu
simple expression for the effectiveg value:

geff5gicosu, g''0. ~2!

Hereu is the angle between the magnetic field direction a
the c-axis of the crystal,gi the effectiveg value parallel to
the c-axis, andg' the effectiveg value perpendicular to the
c-axis. No anisotropy in the basal plane has been found
the symmetry of the defect is C3v ~the symmetry of a sub-
stitutional lattice site!.

Two Zeeman components are observed at any angle
cept in perpendicular direction where the two lines coinci
This is true for both PL and PLE experiments at vario
temperatures. It can, therefore, be concluded that the co
sponding transition occurs between a singlet state and a
blet state. Thermalization between the two component
observed in PL experiments, but not in PLE. This impli
that it is the excited state, which splits in the magnetic fie
whereas the ground state is nondegenerate. In this case,
intensity in both lines is expected in PLE experiments at a
temperature. While this is true above 4.5 K~Fig. 8!, there is
a minor deviation at 2 K. The reason for this behavior
unclear at this moment. However, a Zeeman splitting of
ground state can be excluded since three of the additio
PLE lines (UD-3I, UD-3II, and UD-3IV) do not split in the
magnetic field. This implies that they originate from tran

es-

FIG. 8. Zeeman splitting atB55 T in PL and PLE experiments
at various temperatures for the UD-3 defect in 4H SiC. In PL, there
is a clear thermalization behavior between the two Zeeman c
ponents in the temperature range 1.8–40 K. In PLE, the rela
intensity of the two components is identical above 4.5 K.
T52 K, the high-energy component is slightly stronger; the rea
for this is unclear at the moment.
4-5
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tions between a singlet ground state and singlet exc
states. Line UD-3III seems to split in a similar way as the N
line UD-3, although the splitting cannot be completely r
solved at the available maximum field of 5 T. The splitting
also largest when the magnetic field is applied parallel to
c-axis, and disappears in perpendicular direction. UD-3III ex-
hibits the same polarization behavior as UD-3; both lines
strongest inE'c polarization. The reverse is true for line
UD-3II and UD-3IV. These lines showEic polarization, and
they do not split in a magnetic field. Even line UD-3I does
not split in the field, but its polarization is only weaklyEic.

The experimental results imply that the ground state
UD-3 is a singlet level. No spin degeneracy was found, so
even number of charge carriers is bound to the defect.
angular dependence of the NP line UD-3 can be explained
assuming an orbital angular momentumL51 for the excited
state and no spin degeneracy~i.e., S50). The splitting of
such a state in a magnetic field is then described by

E~ml !5gLmBmlB. ~3!

For an unquenched orbital angular momentum and no
mixture of higher lying states by spin-orbit interaction, gL
51. Theml50 level is split off in the low-symmetry (C3v)
crystal field, theml561 levels can then be treated as
doublet in the framework of an effective spin Hamiltonia
An effective spinSeff51/2 has to be assigned. In Sec. III C
was shown that the splitting of UD-3 in a field ofB55 T is
approximately 0.6 meV. Using Eq.~1! an effective g-value
geff'2 is obtained readily forBic-axis. On the other hand
from Eq. ~3! the splitting can be calculated asE(ml51)
2E(ml521)52mBB50.579 meV. The difference can b
accounted for by admixture of higher lying excited sta
through the action of the spin-orbit interaction. The effect
g values gi for the magnetic field applied parallel to th
c-axis are summarized in Table III. The real physical obse
able gi ,L is readily obtained from the effectiveg value
throughgi ,L5gi/2.

Selection rules for optical transitions apply in a crys
field of symmetryC3v . For an electric dipole transition, th
allowed transitions are:A1↔A2 andE↔E for Eic polariza-
tion andA1↔E, A2↔E, and E↔E for E'c polarization.
Experimentally, lines UD-3 and UD-3III were found to be
polarizedE'c, whereas lines UD-3II and UD-3IV show an
Eic polarization. Both the Zeeman results and the polari
tion behavior of UD-3 and UD-3III can, thus, consistently b

TABLE III. Effective g valuesgi of the excited state giving rise
to the UD-3 emission for a magnetic field direction parallel to t
c-axis (g''0 in all cases!. The real physical observablegi ,L is
readily obtained from the effectiveg value through gi ,L
5gi/2 (g',L'0).

Polytype Line gi gi ,L

4H UD-3 2.0460.03 1.0260.03
6H UD-3 2.1460.03 1.0760.03
15R UD-3L 2.0060.03 1.0060.03

UD-3H 1.9760.03 0.98560.03
11520
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explained by assuming a transition between a ground sta
symmetryA1 and an excited state of symmetryE. In a simi-
lar way, lines UD-3II and UD-3IV can be assigned to trans
tionsA1↔A2. Line UD-3I is rather weak and is only weakl
polarizedEic. This may imply that this transition occur
between theA1 ground state and anA1 excited state. Such a
transition is forbidden in both polarizations. However, ev
the polarization of the other lines is not complete, implying
relaxation of the selection rules. The same relaxation m
make line UD-3I slightly allowed and observable.

No spin degeneracy was found in any of the levels
volved. Their configurations are therefore deduced to be1A1
for the ground state and1E, 1A1 , 1A2 , 1E, and 1A2 for the
excited states. A schematic of the levels and the recomb
tion at low temperature is shown in Fig. 9.

B. Recombination mechanism

Radiative transitions in semiconductors at energies far
low the band-gap energy, which consist of sharp NP lin
are often due to either recombination of a bound exciton
internal transitions within a deep defect. The observation o
ground state without spin or orbital degeneracy rules out
possibility of an exciton bound to a neutral donor or accep
because in that case the ground state would be spin de
erate. Even an exciton bound to an isoelectronic impurity
be excluded, since in this case more than two Zeeman c
ponents would be expected in a general direction, i.e., w
the magnetic field is not parallel to one of the high-symme
directions. Three or four lines should be observed, depend
on whether the orbital angular momentum of the hole
quenched or not.

One possible explanation for the observed Zeeman pat
involves internal transitions of a deep level defect~Fig. 9!.
This can be either an intrinsic defect like vacancies or a

FIG. 9. Schematic of the levels involved in the internal tran
tions of UD-3. The configuration of the levels in a crystal field
symmetryC3v is indicated.
4-6
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sites, an impurity atom, or complexes of these. Sharp
lines in the infrared spectral region due to transition me
like vanadium5 and chromium9 have been observed in SiC
but also in most other semiconductors. These lines have b
attributed to transitions within the 3d shell of the atom. De-
pending on the occupation of the 3d shell, various configu-
rations of the ground state and the excited states are poss

Also some intrinsic defects give rise to internal transitio
in the infrared region. Such defects~e.g., vacancies! are
likely to be created during the high-temperature growth.
deed, the well-known PL signal originating from the neut
silicon vacancy12 can be observed in most of the samp
investigated under excitation with the Ti:Sapphire laser.

C. Chemical identity

The phonon replicas found in PL and PLE experiments
not match any of the known lattice phonons in the th
polytypes. They are, therefore, attributed to local phon
modes. These modes typically involve vibrations of the i
purity atom and one or very few lattice atoms in the clo
vicinity. Since the nearest neighbor shell of an impurity
almost independent of the polytype~with only minor differ-
ences in the distance between neighboring atoms!, it is not
surprising that these local modes have almost the same
ergy in all three polytypes. Modes with similar energy co
pared to the sharp lines between 86.6 and 89.6 meV at
UD-3 defect~Table I! have been found for some transitio
metal impurities in SiC: titanium in 6H SiC with phonon
energies 90.1, 89.8, and 89.7 meV,23 vanadium in 6H SiC
~89, 88.6, and 88.3 meV; similar values apply for the 4H
polytype!5 and chromium~several lines between 85.6 an
88.9 meV in 4H and 6H SiC!.9

Recombination at other defects is, in some cases,
accompanied by sharp phonon replicas due to local pho
modes. One example is theD1 defect, which is presumably
of intrinsic nature. However, the energies of the loc
phonons are in this case found to be 82.7 meV and 8
meV,24 i.e., considerably lower than in UD-3 and the tran
tion metal impurities cited above. Broader features simila
the local phonons in the range 11–39 meV for the UD
defect have also been reported in PL spectra of vanadium~22
meV!5 and titanium~26–30 meV!.3

For electrons in thed shell of a free atom, Hund’s rule
applies, which states that the spins of all electrons should
aligned parallel, leading to a high-spin configuration of t
ground state. The predominantly tetrahedral symmetry (Td)
for a substitutional site in SiC splits the fivefold orbital
degenerated level by the action of the crystal field into at2g
triplet and aneg doublet, with the triplet lying lower in
energy.25 If the splitting between these two levels is suf
ciently large, it becomes energetically favorable to first
the t2g level, even if this requires violating Hund’s rule
Theoretically, a low-spin configuration has been predic
for iron and scandium substituting for a silicon atom in Si
whereas for the same atoms residing on the carbon subla
a high-spin configuration is retained.26 This behavior is ex-
plained by the difference in crystal field strength on the t
sublattices. In the case of ad6 configuration, a strong crysta
11520
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field of symmetryTd or C3v can lead to a ground state wit
no spin or orbital degeneracy, i.e., a state with1A1

symmetry.27 In order to explain the doublet and singlet n
ture of the excited states, a crystal field of lower symme
C3v has to be assumed. It should be mentioned that fo
defect residing on an interstitial site, the splitting of th
d-states will be reversed, theeg doublet is then lying lower in
energy. In this case, ad4 configuration may explain the1A1
symmetry of the ground state.

Radiative transitions in the near infrared spectral reg
due to transition metals of the 3d group have been reporte
before in SiC,5,9 but also in other semiconductors lik
GaN.28,29As shown above, the energies of the local phon
modes found for the UD-3 defect are very close to the o
reported for Ti, V, and Cr in SiC. These two observatio
imply that UD-3 may be another impurity of the 3d group
residing on the same lattice site~the substitutional Si site!
since for heavier atoms~like elements from the rare eart
group! the phonon energies should be different. An impur
residing on an interstitial site should give rise to complet
different phonon modes. A 3d6 configuration is possible for
Fe21, Co31, or Ni41 in free ion notation. The correspond
ing charge states are@Fe# 22, @Co# 2, and @Ni# 0. These ele-
ments residing on a Si-site are, thus, likely candidates for
UD-3 defect. A direct prove of the chemical identity wou
be the observation of electron paramagnetic resonance~EPR!
or optically detected magnetic resonance~ODMR! signals
related to the defect. Unfortunately, the electronic struct
of the defect is very unfavorable for such experiments
splitting of the ground state is necessary for EPR exp
ments. But as shown by the Zeeman results, the ground
of UD-3 is a spin and orbital singlet. ODMR can be succe
ful if one of the excited states splits in the magnetic fie
Even though this is the case for the lowest lying excit
state, a microwave induced transition between theml561
states is forbidden. So final defect identification based
such experiments will be difficult.

The investigated samples are all high resistive or se
insulating. Therefore, the Fermi-level is close to the mid
of the band gap. Iron in the negative charge state, i.e.,@Fe# 2,
has been observed by EPR inn-type 6H SiC.30 If iron does
not exhibit a strong negative-U behavior, then the doubly
negative charge state@Fe#22 can be ruled out for the expla
nation of UD-3. Not much is known about the electron
structure of cobalt and nickel in SiC. An EPR signal wi
effective spin S53/2 in iron-doped SiC, which is observe
after illumination with visible or infrared light, has tenta
tively been assigned to@Ni# 2 ~Ref. 31!. However, no hyper-
fine interaction was observed, therefore other impurities
complexes could not be ruled out. It is interesting to note t
in some sublimation grown SiC crystals, iron and nick
were found by secondary ion mass spectroscopy~SIMS!
analysis to be major contaminants.32

Until the defect has been unambiguously identified~e.g.,
by intentional doping!, alternative defect configurations can
not be ruled out. One possibility would be an intrinsic defe
since internal transitions within such defects can also g
rise to luminescence in the infrared spectral region. Ho
ever, most of the isolated intrinsic defects disappear a
4-7
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annealing at high temperatures. The UD-3 defect, on
other hand, was found to persist even after an annea
stage at 1625°C for 15 min. Defects of intrinsic natu
which survive up to very high temperatures, have been fo
in SiC, the most famous one being theD1 center. Usually,
such defects are complex defects like divacancies
vacancy-impurity complexes. The UD-3 defect may have
similar origin. Certain restrictions on the nature of the co
plex must apply in this case: The defect has a symmetryC3v
i.e., the constituents have to be aligned along thec-axis.

In many cases, the detailed properties of defects in
depend on the inequivalent lattice site on which the def
resides. This is true for shallow dopants like nitrogen,1 for
excitons bound to impurities like titanium,33 for intrinsic de-
fects like the neutral silicon vacancy,12 and for internal tran-
sitions at transition metal impurities like vanadium5 and
chromium.9 There are two inequivalent lattice sites in 4H
SiC, three in 6H SiC and five in 15R SiC. A corresponding
number of distinguishable signals are thus expected for s
stitutional impurities. There are exceptions from this beh
ior. TheD1 defect consists of only one NP line in 4H SiC,24

whereas there are three NP lines in 6H SiC.34 For the EPR
signal due to the silicon vacancy in the negative charge s
only one line has been reported both in 4H ~Ref. 35! and 6H
SiC.11

The observation of only one NP line due to the UD
defect in 4H and 6H SiC and two NP lines in 15R SiC may
be explained in several ways. If the defect is a complex
may contain defects residing on more than one substitutio
site. In this case, only one configuration may be possible
4H and 6H SiC, while there are two possibilities in 15R
SiC. For an isolated defect, the energetic position of the c
responding charge state in the band gap may vary betw
the inequivalent sites. In the case, when either the gro
state or the excited state involved in the UD-3 transition
resonant with the valence or conduction band for some
1152
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equivalent lattice sites, no radiative recombination via t
charge state of the defect will be observable. It is interes
to note that the number of NP lines observed for the UD
defect corresponds to the number ofhexagonallattice sites in
the three polytypes.

V. SUMMARY

The electronic structure of the ground state and the low
lying excited states of the UD-3 defect in 4H, 6H, and 15R
SiC has been deduced from a combination of PL, PLE, Z
man, and polarization experiments. From the angular dep
dence of the Zeeman splitting, the symmetry of the defec
found to beC3v . The ground state is a non-degenerate s
and orbital singlet1A1, the symmetry of the excited states
1E, 1A1 , 1A2 , 1E, and 1A2 ~in order of increasing energy!.
This electronic structure implies that the radiative transitio
observed are due to internal transitions within a deep-le
defect. Besides a broad phonon assisted side band, s
transitions due to local phonons with energies of appro
mately 90 meV have been found in PL and PLE experime

The energy of the UD-3 luminescence as well as the
ergy of the local phonons is similar to the ones found
some transition metal impurities like vanadium and ch
mium in SiC, but also in other semiconductors like GaN. It
therefore possible that the UD-3 defect is another impurity
this kind. A 3d6 configuration may explain the singlet ele
tronic structure of the ground state. In this case,@Fe#22,
@Co#2, or @Ni#0 are possible candidates for UD-3. At th
point, other defect configurations like a complex defect, p
sibly involving an intrinsic defect, cannot be ruled out.
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