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Optical and electrical properties of vanadium and erbium in 4H -SiC
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Local-density-functional calculations are carried out on vanadium and erbium centers in 4H-SiC. Particular
attention is paid to their electrical and optical properties. We find that both V and Er lie at Si sites and can exist
in three charge states with deep donor and acceptor levels. While isolated VSi possesses intra-d and ionization
induced optical transitions around 0.94 and 2.9 eV respectively, the intense and temperature stable intra-f
optical transitions due to Er are unlikely to be due to anisolatedEr defect. It is suggested that both impurities
can trap H and N forming complexes which may limit the electrical efficiency of V and act as Er related
exciton traps.
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I. INTRODUCTION

Transition-metal impurities in semiconductors are imp
tant because they can possess multiple charge states an
efficient carrier traps. Moreover, they often give rise to int
nal intra-d optical transitions. Rare-earth dopants on t
other hand are of increasing interest because their intf
luminescence is stable to high temperatures in wide ba
gap materials.1 They are not noted for introducing deep le
els. Recently, however, it has been reported that the intf
luminescence of Er in SiC is stable to around;180 °C and
that the defect has a deep donor level.2–5 It is then of interest
to compare the properties of a transition metal such as v
dium, whose internal transition is also stable at roo
temperature,6 with the rare-earth Er impurity. We shall argu
below that both possess three charge states and alth
their optical properties derive from internal transitions, it
unlikely that isolated Er, in contrast with V, is the optic
center that is observed. While thed orbitals on V are known
to interact strongly with surrounding atoms, thef shell is
almost decoupled. Russel-SaundersL-S coupling within thef
shell leads to a4I 15/2 ground state separated from an4I 13/2
excited state by;0.803 eV. The surrounding crystal fiel
splits the ground state into a number of levels with sepa
tion ;4 meV ~Ref. 7! as well as introducing parity breakin
terms leading to dipole allowed intra-f transitions.

Similarly, crystal field and covalent effects split thed1

manifold of V into a singly occupiede level lying ;0.94 eV
below emptyt2 levels. The latter are further split in hexag
nal SiC intoe anda1 levels. Optical transitions seen in bo
absorption and luminescence occur between thee levels
which are further split by;1 meV mainly by spin-orbit
coupling.8 The transition energy differs by;20 meV in dif-
ferent polytypes9 and when V occupies different types of S
sites. The occupancy of thed manifold can be changed b
doping. Donor levels are reported atEv11.3 and Ev
11.5 eV for different sites in 6H-SiC ~Refs. 10,11! and av-
erage values ofEv11.53 ~Ref. 12! or Ev11.66 eV~Ref. 9!
have been reported for 4H-SiC. There is a continuing debat
over the position of the acceptor level. In 4H-SiC, values at
0163-1829/2004/69~19!/193202~4!/$22.50 69 1932
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Ec20.860 andEc20.895 eV have been assigned to V at t
two Si sites,11 but other values,Ec20.80 eV ~Ref. 13! and
evenEc20.97 eV~Ref. 14! have been reported although th
last may be a V complex. Early optical absorption investig
tions attributed a threshold at;2.8 eV to the V acceptor
level15 but we shall reassign this transition below.

In contrast, the strong Coulomb potential in Er prevent
change in the occupancy of thef shell whatever the Ferm
level be. However, recent deep level transient spectrosc
~DLTS! experiments onp-type 4H-SiC implanted with Er
reveal a level atEv10.75 eV~Ref. 4! or Ev10.68 eV.16 The
identification was aided using both stable and radioac
160Er implants while the absence of a Poole-Frenkel eff
suggests a donor level. Only about 10% of the implanted
is electrically active and no Er related levels in the upp
third of the gap were found from implants inn-type material.
Although there have been reports of several electron p
magnetic resonancce~EPR! centers related to Er in as-grow
n-type 6H-SiC,17 no detailed atomistic models were given

Er related photoluminescence has been reported for
eral polytypes.2,3,16,18The observation of the 2.36 eV2H11/2
→4I15/2 as well as the 0.803 eV (1.54mm)4I13/2→4I15/2 tran-
sitions inn-type SiC~Ref. 7! imply an Er31(4 f 11) electronic
configuration. It might then be thought that substitutional
can only behave as an acceptor just as the isoelectroni
substitutional defect. This, however, as we shall show bel
is not correct.

II. METHOD

Spin-polarized local-density-functional~LDF! calcula-
tions, using theAIMPRO code,19 are carried out on V and E
defects in 72 atom supercells. Previously, the method
been used to investigate the alphabet PL lines20 and the
Z1 /Z2 negative-U centers21 in 4H-SiC. Hartwigsen,
Goedecker, and Hutter22 pseudopotentials with frozen non
polarized 2p6 and 4f 11 cores were used for V and Er, respe
tively. Following earlier calculations of Er in Si and Ga
~Ref. 23! a nonlinear core correction was included. The ba
consisted of atom centered Cartesian Gaussian orbitals.
tered on each C, Si and the V atom were sets ofs, p, andd
©2004 The American Physical Society02-1
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orbitals, while in additionf orbitals were sited on Er. The
exponents for the orbitals for each element were optimi
for bulk diamond, Si, V, and ErN, respectively. Calculatio
were carried out using MP-23 k-point sampling24 and the
charge density was Fourier transformed with a maxim
cutoff of 300 Ry. All atoms in the cell were allowed to rela

The formation energyEf of a defect is defined as

Ef5Etot2nCmC2nSimSi2nXmX2qEF ,

whereEtot is the total energy of the cell containing a numb
of atomsnC , nSi , and nX for carbon, silicon and typeX,
respectively, and a defect with a net charge ofq electrons;
mC andmSi are the chemical potentials of C and Si;EF is the
Fermi energy relative to the valence band top (Ev). The
chemical potentials satisfy the condition thatmC1mSi is
equal to the energy of a Si-C pair in bulk 4H-SiC and that
they are bounded above by the energies of a C or Siatom in
standard thermodynamic forms such as pure diamond o
If E(C), E(Si), andE(SiC) are the energies of a C, Si, an
SiC unit in diamond, silicon, and SiC, then we writemC
5E(C)2xDH and mSi5E(Si)2(12x)DH where 0,x
,1 and DH is the cohesive energy of SiC, i.e.,E(Si)
1E(C)2E(SiC). This is found to be 0.49 eV, compare
with an experimental value of 0.72 eV. We choose here
stoichiometric case wherex5 1

2 ~Ref. 25! although our re-
sults are not qualitatively affected if we used C-rich or S
rich growth conditions. The chemical potentials of Er
taken from bulk ErSi2 in equilibrium with SiC. For V it is set
to zero as we are not interested in its absolute solubility.

The formation energy enables us to find the most sta
site for V or Er, i.e., whether the impurity lies at a Si or
site. However, we have found that it is not a reliable guide
the energy levels26 especially as the LDF energy gap
4H-SiC is 2.53 eV compared with an experimental value
3.26 eV. The energy levels are best found by comparing
ionization energies and electron affinities—calculated fr
self-consistent total energies—with known defects hav
close-by levels. This is called the marker method and gi
errors of around 0.2 eV in Si.26 It is then natural to use the
calculated and observed donor levels of V to improve
estimate of the Er level.

The calculateda andc lattice parameters for 4H-SiC are
found to be 3.061 and 10.030 Å, and in good agreement w
experimental values of 3.078 and 10.086 Å, respectivel27

The bulk modulus was found to be 224.2 GPa for 4H-SiC in
agreement with an experimental value of 224 GPa, repo
for 3C-SiC.27

III. VANADIUM IN 4 H -SIC

The formation energy for substitutional VSi at a cubic site
is 4.3 eV lower than at a corresponding C site and 4.7
lower than at a pseudo-Td interstitial site near C. For the
substitutional impurity VSi three of the V-C bonds are 1.94 Å
while the fourth along@0001# is 1.96 Å. The Kohn-Sham
levels show a gap relatede level occupied by a single elec
tron and unoccupiede and a1 levels in agreement with the
configuration required to explain the 0.94 eV intra-d absorp-
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tion band.8 In the negative-charge state, an additional el
tron occupies the lowere level leading toS51 or S50 spin
states. We find the latter is higher in energy by 0.5 eV. Th
VSi

2 hasS51 in agreement with EPR investigations.10

The donor level of VSi is Ev11.39 eV and found from
the comparison of the ionization energies of V and of bu
material in the 72 atom cell. This is in good agreement w
the reported valuesEv11.53 ~Ref. 12! and Ev11.66 eV.9

Turning to the acceptor level. Here, we compare the elec
affinity of VSi with that of bulk and place the level atEc
20.57 eV. This is in fair agreement with the observed lev
aroundEc20.8 toEc20.9 eV discussed above.

Previous radio-tracer investigations into the (2/0) level
of V found an erratic activation efficiency which varied in
explicably between samples.14 We considered this may b
due to complexes with hydrogen. Hydrogen introduced d
ing growth or by processing is known in the case of Si
strongly interact with transition metals and perturb th
levels.28 We find that H bonds to VSi with a binding energy
of 2.2 eV. The H atom lies in the plane defined by V and tw
of its C neighbors~see Fig. 1!. The neutral center hasS50
and would not be paramagnetic. Its acceptor level is dee
than that of isolated V by 0.13 eV while the donor level
shallower by 0.2 eV. This might mean that its acceptor le
is not detected in the radio-tracing experiments14 which
would then explain the low and sample dependent activa
efficiency of V noted there. It would, however, be necess
to assume that Cr and Ti are not affected by hydrogen in
same way as no such erratic behavior was observed for t
impurities.

Finally, we look at the intra-d2E→2E transition. This can
be found from the energies of the two configurations fou
by promoting a electron from the lower to the uppere level.
Similar calculations have been carried out for defects
diamond.29 This gives an excitation energy of 0.87 eV
good agreement with the observed value of;0.94 eV re-
ported for 4H-SiC.9

IV. ERBIUM IN 4 H -SIC

The formation energy for substitutional ErSi at a cubic site
is 4.9 eV. This demonstrates a very low equilibrium solub
ity for Er in SiC and the need for ion implantation to gro
suitably doped material. This energy is 5.8 eV lower than
residing at a C site and 8.3 eV lower than at the same int
stitial site described above for V. Thus it is likely that Er on

FIG. 1. Hydrogen bound to VSi ~left! and ErSi ~right!. The figure
shows the configurations of the neutral charge state. The dark
represent C and the white hydrogen.
2-2
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occupies the Si sublattice. In this case, three of the E
bonds are 2.16Å and the unique one is 2.21 Å. The Ko
Sham energy levels of the cell containing Er revealed
unexpected result. The gap contained at2 level occupied
with a single hole and lying in the lower half of the gap. Th
was split intoe lying below a1 levels localized on the C
neighborsof Er. This demonstrates that the electrical activ
of Er is to be understood in terms of a vacancy model wh
Er ‘‘donates’’ its three valence electrons to the states form
by the dangling bonds on its four C neighbors similar
transition metal impurities such as Pt in Si. This sugge
that, unlike other group-III dopants such as Al, ErSi can act
as both a donor and as an acceptor. The donor and acc
levels of ErSi are found to be Ev10.53 eV and Ec
21.90 eV, respectively. If we correct the levels using t
errors in the V donor level as described above, we place
donor level of Er betweenEv10.67 andEv10.74 eV and in
excellent agreement with experimental values aroundEv
10.7 eV. There are no reports of the acceptor level. In fa
this is to be expected because it is so deep. DLTS exp
ments in 3C-SiC might reveal the (2/0) level, shifted by the
0.9 eV conduction band offset with 4H-SiC, to aroundEc
21 eV.

Clearly, the electropositive character of Er suggests
attraction with nitrogen or hydrogen. We have investiga
the trigonal form of the complexes found by placing N at a
neighbor to Er and H directly bonded to a C neighbor and to
the metal~see Fig. 1!. The binding energy of the pairs i
found to be 3.24 and 3.1 eV, respectively, and their do
levels lie 0.04 and 0.23 eV higher than the donor level
ErSi . The former is also close to the observed level. As
pected from the vacancy model, thet2 shell is now filled and
there are no acceptor levels in the gap for both of th
defects. Thus these impurities have passivated the acce
activity of Er.

V. CONCLUSIONS

We have found that both Er and V possess three cha
states, with deep donor and acceptor levels. The calcul
levels are in fair agreement with experimental values w
errors about 0.2–0.3 eV. However, the mid-gap accep
level of Er is too deep to be detected by DLTS, although
trivalent character of Er strongly implies that a deep accep
level should exist. In contrast with V, its electrical activi
arises from the dangling bonds on the four C neighbors
not from the 4f ~Ref. 11! core which has been frozen in th
calculation.

*Present address: Dipartimento di Fisica, Universita’ degli Stud
Bologna, Bologna, Italy.
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Hydrogen and nitrogen bind strongly to both V and
and perturb the donor levels. H deepens the acceptor lev
V but both H and N passivate the acceptor activity of Er. T
presence of H may explain the erratic activation efficiency
implanted V which varies dramatically between samples14

while its impact on the excitation efficiency of Er is un
known. In Si, hydrogen increases the luminescen
intensity.30

The calculated intra-d optical transition at 0.87 eV of V
confirms the assignment of the;0.94 eV luminescence
Negatively charged V31 has aS51 ground state, in agree
ment with EPR studies, but can exist in anS50 state which
we place 0.5 eV higher in energy. This state leads then
trap whose (2/0) level lies aroundEc20.3 to Ec20.4 eV.
This is in excellent agreement with the observed threshol
;Ec20.4 eV but previously attributed to theground stateV
acceptor level.15 As a consequence of our calculations, w
attribute this acceptor level to theS50 excited V31/V41

transition.
The EPR results show that more than one Er defect ex

and the question arises whether isolated ErSi or complexes,
such as Er-N and Er-H, dominate the intra-f luminescence.
The 1.54mm transition has only been detected in nitrog
doped material where ErSi

2 or ErSi-NC can exist. It seems
unlikely that isolated ErSi is the optical center. This is be
cause a photogenerated hole would be captured by the n
tively charged acceptor and the subsequent capture o
electron would release only;1.90 eV which is insufficient
to excite the 2.36 eV2H11/2→4F15/2 intra-f transition.3 Thus,
according to our results, it is unlikely that isolated Er
responsible for the observed internal transition in contr
with V. However, Er-N or possibly Er-H complexes, havin
only donor levels belowEv10.9 eV in 4H-SiC remain can-
didates for the optical centers.

Note added in proof. Recently,31 it has been shown thatN
doping increases considerably the 1540 nm PL intensity
SiC doped with Er at low temperatures consistent with
increased fraction of Er-N defects. The PL intensity falls
room temperature possibly because of an increased free
tron Auger de-excitation.
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