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Localized electronic states around stacking faults in silicon carbide
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We report on a first-principles study of all the structurally different stacking faults that can be introduced by
glide along the(0002) basal plane in 3C-, 4H-, and 6H-SiC based on the local-density approximation within
the density-functional theory. Our band-structure calculations have revealed that both types of stacking faults
in 4H-SiC and two of the three different types of stacking faults in 6H-SiC give rise to quasi-two-dimensional
energy band states in the band gap at around 0.2 eV below the lowest conduction band, thus being electrically
active inn-type material. Although stacking faults, unlike point defects and surfaces, are not associated with
broken or chemically perturbed bonds, we find a strong localization, within roughly 10—15 A perpendicular to
the stacking fault plane, of the stacking fault gap state wave functions. We find that this quantum-well-like
feature of certain stacking faults in SiC can be understood in terms of the large conduction-band offsets
between the cubic and hexagonal polytypes. Recent experimental results give qualitative support to our results.
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SiC is a promising material for high-power, high- dislocation (which induces the changeA—B, B—C,
frequency, and high-temperature applications. Three of thand C—A) gives rise to the faulted sequence
most popular polytypes, 3C-, 4H-, and 6H-SiC, have at-...(ABC)|(BCA)(BCA)..., where| denotes the slip or SF
tracted considerable attention during the past decades sinptane. As will be discussed later, partial dislocations may
their special material properties are very much suitable fointroduce several different nonequivalent types of SF into the
such applications. However, there are still material problemsioncubic SiC polytypes.
that need to be investigated and understood in order to fully The computational method is based on the local-density
develop SiC-based technology. One such problem is the odunctional theory, and the properties of SF are modeled using
currence of stacking fault$H. In general, the SF energy of a supercell approach. The wave functions are expanded in a
SiC is believed to be smafaround 3 and 15 mJ/nfor 6H-  basis containings-, p-, and d-symmetry Gaussian orbitals,
and 4H-SiC, respectivel\compared to other semiconductors and the charge density is described in a plane-wave basis.
such as Si55 mJ/nf), diamond(280 mJ/n), or GaAs(45  The method gives analytical expressions for forces on atoms
mJ/nf).1 =3 Due to the small SF energy it is relatively easy toand uses norm- conserving pseudopotentials and nonlinear
develop extended SF regions in SiC crystals, which, if eleceore corrections. Since the supercells are extended along the
trically active, can seriously affect the device performancec axis, so that the corresponding first Brillouin zone is almost
However, both theoretical and experimental studies of SF inwo dimensional(2D), the Brillouin zone integration is re-
SiC are very limited=* In this paper, we report on a first- placed by a summation over six special Monkhorst-Plack
principles supercell band-structure calculation for the 3C-points on the basal plane of the Brillouin zone. In order to
4H-, and 6H-SiC polytypes with and without SF. Our theo-determineab initio lattice constants for the perfect crystals,
retical calculations have revealed that SF in SiC can actuallywe employed supercells containing 24 atoms for perfect 3C-,
give rise to electrically active states in the band gap, whosdH-, and 6H-SIiC, i.e., the supercells for 3C-, 4H-, and 6H-
wave functions are strongly localized perpendicular to the SFSiC consist of 4, 3, and 2 primitive unit cells, respectively
plane. (3C-SiC is treated as hexagonal with 6 atoms per unij.cell

A mechanism for the creation of SF is the motion of par-
tial dislocations(here we consider only dislocations of the
glide sej, which leave behind an imperfect crystal contain-
ing a SF. The easy slip plane in the hexagonal SiC polytypes
is the basal000)) plane, and complete dislocations in the

basal planes are usually dissociated into two partials accord- VA ‘ (1130) AHSIC (1120)
ing to the Burgers vector reaction formtfz . \

3C-8iC
_ _ _ caxis  2H.GiC
a/3(2110)—a/3(1100)+a/3(1010), (1) gg gg‘g 1[000
[T100]
where a is the lattice constant in the basal plane. AB

; . AB ABC ABCA
For example, 3C-SiC has the stacking sequence

..(ABC)(ABC)(ABC)... where A, B, and C denote FIG. 1. Stacking sequences of the hexagonal layers in four com-
bilayers as shown in Fig. 1. The propagation of a partialmon SiC polytypes.
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FIG. 2. Geometrically distinguishable SF in 4H- and 6H-SiC.
Type | and type Il SF are related through an interchange of Si and
C atoms.
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Not only the lattice constanta and c, but also all atomic
positions in the supercell, have been optimized to minimize
the total energyintrasupercell relaxation

In order to investigate the electronic structure of SF, we
calculate the Kohn-Sham band structures of both perfect and
faulted crystals, using supercells containing 96 atoms in both FIG. 3. Band structures of 4H-Si@) with and (b) without SF
cases. It is preferable to employ the same size of the supeff type I.
cell for all polytypes when calculating the total energies or . ) o .
when comparing other results for different polytypes, since Since the first Brllloum zone is aImost_ZD, we calculz_ite
cancellations of systematic errors are expected to some ef€ Kohn-Sham eigenvalues along the high symmetry lines
tent. For example, the 96-atom supercell for perfect 4H-sid -M, M-K, andK-I". In the 96-atom supercell calculations

can be expressed by the stacking sequer®AC),, and for faul_ted crystals_ we em_ploy lattice parametersind c
hexagonal translation vectorsy,=(a,0,0), @=(—a/2 determined theoretically using 24-atom supercells. However,

av3/2,0), 3= (0,0c), where, in this case is 12 times the W€ have determined the effect of intrasupercell atomic relax-
corresponding lattice constant for the primitive unit cell. This&tions on the band structure also for 4H-SiC with SF, i.e., the
supercell thus contains 12 primitive cells stacked on top ofoSition of each atom in the supercell was optimized until
each other, while the corresponding supercells for 3C- an{'€ Hellmann-Feynman forces vanished. We found that such
6H-SiC contain 16 and 8 primitive unit cells, respectively. To'€laxation effects have negligible influence on the band-
be able to treat faulted crystals with the same size and geS_tructure energies. Since }he mtrasupgrcell relaxation for 96-
ometry of the supercell as for perfect crystals, we modify the2{om supercells is very time consuming, we have not per-
vectoras. Thus, instead o, we usea,=(—a/2,.av3/6.) formed such relaxations for faulted 3C- and 6H-SiC, i.e.,
. ) 3= ) )

: each atomic coordinate in theedirection is ideal.
or a3=(a/2,—av3/6,c), depending on whether the SF corre- . i i
sponds toA—B etc. or A—C etc. Furthermore, we have Figures 33 and 3b) show the Kohn-Sham band struc

found that 96-atom supercells are sufficient to avoid art'f'c'altures for 4H-SIC with and without SF of type I. When com-
d up uthict Vold artificial, - ving Figs. 8a) and 3b), a SF-induced ban@plit-off band

SF-SF interactions. rﬁqan be observed around 0.2 eV below the conduction-band
introducing SF in different glide planes in the SiC unit cells inimum at theM point of perfect 4H-SiC. To clarify the

gives that the 3C-, 4H-, and 6H- polytypes have 1, 2, and é1ature of this band, we plot in Fig. 4 the function
geometrically different SF, respectively, as shown in Fig. 2.

(When determining the number of different SF that can be f(z):J J |W\(X,y,2)|2dx dy, (2
introduced by pure glide, it should be noted that the space

group for 4H- and 6H-SIC, i.e.CgV, is nonsymmorphic: a whereV,, is the wave function at th# point and the inte-
180° rotation around the axis is to be followed by a trans- gration for each value af along thec axis is performed in
lation byc/2.) We will refer to them as type | in 3C-SiC, type the basal plane within the supercell. Figui@4showsf(z)

I and Il in 4H-SIC, and as type |, Il, and Il in 6H-SIC. for the lowest conduction band in perfect 4H-SIiC. It is
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FIG. 4. The function in Eq(2) for the wave function at th&/
point of (a) the lowest conduction band in perfect 4H-Si@) the
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TABLE |. Positions of the localized SF band mininta eV)
below the conduction-band minima at thepoint

3C-SiC 4H-SiC 6H-SiC
Type | ~0 0.22 0.17
Type Il 0.18 0.19
Type 1l ~0

clearly an extended state. Figuré¢by showsf(z) for the
lowest state above the split-off band in faultégpe ) 4H-
SiC. This is clearly also an extended state, but with a distinct
influence from the SF. In contrast, Figgciand 4d), which

are for the split-off band in 4H-SIC with SF of type | and
type I, respectively, show a clear localization in the direc-
tion perpendicular to the glide plane. The degree of localiza-
tion is further demonstrated in Fig. 4 by the normalization
integral

I(z)=fzf(z’)dz’, 3

starting the integration at the bottom of the supercell. Thus,
both SF in 4H-SIiC lead to a localized SF band in which the
electron has an enhanced probability to move in the imme-
diate vicinity (within around 10 A of the SF.

By comparing band structures of perfect and faulted crys-
tals for all the polytypes 3C, 4H, and 6H, we have found that
both SF in 4H-SiC and the SF of type | and Il in 6H-SiC give
rise to strongly localized band states in the band gap. Fur-
thermore, the SF in 3C-SiC and the type Ill SF in 6H-SiC
also give rise to states that show signs of localization around
the SF plane. The difference is that in these two cases the
degree of localization is clearly smaller than for type | and
SF gap states in 4H- and 6H-SiC, and the corresponding
states are very close to the valence-band maxin@@and
6H) and the conduction-band minimui®H), rather than
clearly separated from the extended band states. The situa-
tion for the energies is summarized in Table I.

The type | and type Il SF bands in the gap for 4H- and
6H-SIC are rather strongly localized, within 10-15 A, per-
pendicular to the glide plane. This localization is thus pos-
sible without the involvement of deformed, broken, or
chemically perturbed bonds, which give rise to localized
states around, for instance, point defects, dislocations, and
surfaces. To shed some light on the localization mechanism,
we note from Figs. &) and 4d) that the localized wave
functions have most of their amplitude in the region where
the stacking sequence is more 3C-lilstraigh}. It has been
found that for a 3C-4H or 3C-6H interface, the conduction-
band offsets are around 1 and 0.7 eV, respectively, with the
conduction band for 3C-SiC being below that for 4t6H-)

SIiC, whereas the corresponding valence-band offsets are

lowest conduction band above the split-off band in 4H-SiC with SFmuch smaller. Therefore, if there are 3C-like regions in

of type I, (c) the localized SF bandi.e., the split-off bang in
4H-SiC with SF of type I, andd) the localized SF band in 4H-SiC
with SF of type Il are shown. The normalization integrét) de-
fined in Eq.(3) is also showr(right-hand scalg together with the

corresponding stacking sequences.

faulted 4H- or 6H-SIC crystals, the conduction electrons tend
to be attracted to a region with a locally lower conduction
band(like in quantum wellg It is noticeable that the result
that the SF of type Ill in 6H-SIiC does not give rise to
strongly localized and relatively deep energy states in the
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band gap can be explained by this interpretation. The SF of Furthermore, electrical degradatidne., an increase in
type Ill does not create a 3C-like sequence in 6H-SIiC, bubn-state voltage with timeof 4H-SiC pin diodes has been
rather a 2H-like(zigzag sequence, at the same time as thereported'® It was found that this degradation coincided with
lowest conduction band for 2H-SiC is higher than that forthe appearance of structural defects, mainly interpreted as SF
B6H-SiC® in the basal plane, created by a combination of the stress and
The qualitative correctness of our results is confirmed inglectron-hole recombination energy. This electrical degrada-
two papers by Takahasbt al.” By growing 4H- and 6H-SiC  tjon can now be understood as caused by SF states in the
crystals using different growth directions, crystals containingyang gap, preventing the build-up of a normal electron-hole
a small number of SFE<10 cm %) or a large number of SF plasma in the device.
(10°-10°cm™) could be produced. The resistivity in a di- * summary, we have performed first-principles band-
rection essentially perpendicular or parallel to the SF planegtructure calcuiations for 3C-, 4H-. and 6H-SIC with and

xzz ;252 d'?ﬁ:ts?rf_?’ Zoégr;mggeofgg&%%e asr?dmfﬁs'ollt _ without SF. The calculations were performed for all structur-
yp P poly ally different SF that can be obtained by pure glide. It was

types the resistivity perpendicular to the SF was much large, ; .
than that along the SF at low temperatures, much larger tha{r?und. that the SF of type | and type Il in 4H- and 6H-SIC
give rise to strongly localized, electrically active states in the

what can be explained by the “normal” bulk resistivity X
anisotropy? mainly caused by the anisotropy of the electronP@nd gap, even though no broken or chemically perturbed
bonds are involved, much like for a quantum well. An inter-

effective-mass tensdrFurthermore, no resistivity anomaly i )

was observed imp-type samples. No proper explanation of pretation of these phenomena in terms of the large

these results could be given. conduction-band offsets between the cubic and hexagonal
In view of our results, this resistivity anomaly is quite Polytypes considered here has been suggested, and recent

understandable. In-type samples, the electrons are trappedexperimental results® firmly indicate the existence of such

by the localized SF band, and will essentially remain there alocalized electrically active SF bands in the band gap of both

low temperatures. Due to the localization in thelirection, 4H- and 6H-SiC.

the electron transport in thedirection is hindered, whereas

the electrons are free to move in the SF plane. On the other The authors gratefully acknowledge financial support

hand, the Fermi level imp-type samples is well below the from the Swedish Foundation for Strategic Resed®8H,

localized SF band, which is, therefore, not involved in theas well as the National Supercomputer Ceriid¢$C), Swe-

current transport. den, for computer time.
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