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Structure and motion of basal dislocations in silicon carbide
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30° and 90° Shockley partial dislocations lying{ib11} and basal planes of cubic and hexagonal silicon
carbide, respectively, are investigated theoretically. Density-functional-based tight-binding total-energy calcu-
lations are used to determine the core structure and energetics of the dislocations. In a second step their
electronic structure is investigated using a pseudopotential method with a Gaussian basis set. Finally, the
thermal activation barriers to glide motion of 30° and 90° Shockley partials are calculated in terms of a process
involving the formation and migration of kinks along the dislocation line. The mechanism for enhanced
dislocation movement observed under current injection conditions in bipolar silicon carbide devices is dis-
cussed.
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[. INTRODUCTION are high enough to overcome the barrier to glide motion of
these Shockley partials, it has been suggested that a
As a wide band-gap semiconductor which can be easilyecombination-enhanced dislocation glid@EDG) mecha-
grown and doped, and possesses a high-field strength agaimssm is responsible for the observed effect. This REDG
breakdown, silicon carbidéSiC) is a promising material for mechanism—first proposed by Weedsal® for defect reac-
high-power, high-temperature, and high-frequency devicedions and later refined by Sutfli—requires nonradiative
The material can be grown in a variety of polytypes involv- electron-hole recombination sites to lie along the dislocation
ing different stacking sequences of tetrahedra and the eletine. Part of the energy released following recombination has
tronic gap ranges from 2.39 to 3.33 eV, depending on thehen to be directed into the formation and migration of kinks
polytype!l In device development, one emphasis lies onat the dislocation which are then able to move at or near
high-power diodes: Bipolar 18-SiC diodes have been re- room temperatures.
ported with reverse breakdown voltages as high as 4.5 kv Optical emission microscopyOEM) has been usédo
(Ref. 2 and more recently M-SiC PiN diodes have shown reveal that expansion of stacking faults occurs under low
reverse breakdown voltages5 KV with capacities to trans- Injection current at raised temperatures. The spectral analysis
mit very high powers>100 MW. However, recent experi- of 'ghe emission s_:uggests s_tacklng _fault_s emit _around 2_.8 eV
ments have shown that SiC PiN diodes degrade durin?gh”e their mobile bounding partial dislocations emit at

forward-biased operation of the device even at moderate cuInwe::;:;gfgearogg?eléigx Th;its;acksgg;‘gtult ?&'ifgg;
.. -6 . 7 . _
rent densities, ® sometimes below 1 A/cfn’ This degrada calculationd®>** which report stacking fault related bands

tion means a considerable drop in the forward voltage, ren; ound 0.2 eV belovE.. in 4H-SiC. The OEM experiments
. . . c .
dering the device useless after few days of constanzlso show that the activation energy for partial glide motion

operation. The voltage drop inH+SIiC is accompanied by under forward bias is as low as 0.27 €Ref. 6 and sub-
the formation, propagation, and growth of stacking faults of,

. ? - stantially lower than the estimated value of 2.5 eV obtained
triangular and sometimes rhombic shapéery recently the from the temperature dependence of the yield stfemsthe

stacking fault edges, which lie alof¢120) directions, were pyittle-to-ductile transition temperatu?é® This has been in-

identified by means of transmission electron microscopy an‘i’erpreted as evidence for a REDG mechanism and prelimi-

x-ray topography to be Shockley partials with Burgers vecnary data suggest a nonradiative recombination center at

tors of 1(1100)."3 ~2.2 eV located at or near the core of a mobile Shockley
Since neither the mechanical stresses nor the temperatupartial®
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TABLE I. Elastic properties of 8-SiC. The first three rows give the independent elastic constgntg
3C-SiC. Those values for the shear modufusnd Poisson’s rati@ marked with an asterisk are calculated
as \Voigt averages following Ref. 28 or Ref. 29. All values are given in GPa, except,fovhich is
dimensionless.

DFTB T ETBP LMTO® VFF Expt® Expt!
(3C) (3C) (3C) (30) (3C) (3C) (3C)
Ci1 487 420 363 420 428 390
Ciz 218 120 209 126 165 142
Cas 232 260 149 287 246 256
“w 193 216" 120* 231 200 192 208
v 0.24F 0.130 0.300 0.116 0.187 0.168 0.153

aSemiempirical interatomic potentig$ersoff (Ref. 30].
bEmpirical tight binding[Lee and Joannopould&ef. 31)].
Full-potential linear muffin-tin orbita]Lambrechtet al. (Ref. 32].
dyalence force field approadiMirgorodskyet al. (Ref. 33].
®Data by CarnahafRef. 34.

Data derived from sound velocities by Feldmeinal. (Ref. 35.

Thermally activated dislocation motion in SiC has beenagonalized using a basis of atom-centesegp, andd Gauss-
discussed previously;*® but exclusively for the 90° glide ian orbitals.
partial in 3C-SiC. In this work the atomic and electronic
structures of both 90° and 30° partials i€ &nd 2H-SiC are
investigated as well as the energetics of their motion. lll. THE ELASTIC PROPERTIES OF BULK SiC

Long-range elastic effects play a significant role in the
energetics of extended defects such as dislocations and it is
imperative to determine the accuracy by which DFTB can

We use a density-functional-based tight-bindifiz=TB)  predict both the anisotropic and isotropic elastic constants of
approach to determine the dislocation core structures and #iC.
calculate the formation and migration energies of kinks. It is known that the different polytypes have rather similar
In DFTB the electronic wave functions are approximatedelastic properties. This is especially true among the hexago-
by a linear combination of atomic orbitals involving a mini- nal types and hence, for reasons of simplicity, the calcula-
mal basis set of andp orbitals. The overlap and two center tions here are restricted toC3and H: the latter being a
Hamiltonian matrix elements are obtained from atom-representative of the hexagonal polytypes. It has the smallest
centered valence electron orbitals and the superposition ¢fit cell of all hexagonal polytypes and hence is the easiest
neutral atomic potentials. Exchange and correlation contributo treat. The independent elastic constants &- 3and
tions to the total energy as well as the ionic core-core repul2H-SiC were obtained by suitably deforming a conventional
sion are taken into account by a repulsive pair potential. Théinit cell and calculating the changes to the total energy of the
latter is obtained by a fit of the total energies to full density-cell. The integration over the Brillouin zone was accom-
theory functional DFT) calculations carried out on reference plished using a Monkhorst-Pack-optimized set of 3x 3
systemg(e.g., bulk Si, diamond, and SJC k points?’ Tables | and Il show the elastic constants for the
More details have been given previously° The atomic  cubic and the hexagonal polytype along with experimental
structures investigated here are geometrically optimized usand theoretical data derived previously.
ing a conjugate gradient algorithm until the force acting on Experimental data on elastic properties @-%iC shown
each atom is less thanxs10™2 eV/A. in Table | are rather sparse but our calculated value for the
The DFTB method has recently been applied to modeisotropic shear modulyg agrees well with experiment while
dislocation core structures and energies in diamfbffdand  the Poisson ratio’ is about 50% too large. This error can be
was found to give results in agreement with DFT pseudopotraced to an overestimate a@f, which contrasts with the
tential calculations carried out using localizééand plane- good agreement found far;; andc,,. Fortunately, a large
wave basis sets. error in v has a much smaller error, less than 17%, on the
Although the DFTB method describes dislocation struc-energies of dislocationsee Eq.(2) below]. The calculated
tures and energetics sufficiently well, the use of a minimalelastic constantéTable ) compare reasonably with previous
basis and the tight-binding approximation prevent a detailedheoretical investigations.
treatment of the electronic structure of extended defects. Table Il gives the calculated and observed elastic con-
Therefore, we determine the electronic properties with thestants for 2H-SiC along with data for the other common
AIMPRO codé&>?*where the full DFT Hamiltonian, incorpo- hexagonal polytypes M- and 6H-SiC. In this casecs is
rating Bachelet-Hamann-Schéu pseudopotentiaf$, is di-  overestimated although the other constants are in good

IIl. COMPUTATIONAL METHODS
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TABLE II. Elastic properties of hexagonal SiC. The first five (glide) partial dislocations which border intrinsic stacking
rows give the independent elastic constagijsof the respective  faults. Hence the investigations presented here will be en-
polytype. Those values for the shear modyluand Poisson'’s ratio tirely restricted to those partials.

v marked with an asterisk are calculated as Voigt averages follow-
ing Ref. 28 or Ref. 29. All values are given in GPa, exceptifpr

which is dimensionless. A. Core structures

DFTB VFF? Expt.® Expt.° Expt® Expt.® The topological structures of cores of the 30° and 90°
(2H)  (2H) (6H)  (4H)  (6H) (4HI/6H) Shockley glide dislocations lying dfi11} planes in £-SiC
and the basal plane iH-SIC are identical. This follows as

Cu1 563 520 502 501 the local atomic environments are identical up to third-
C12 193 145 95 111 nearest neighbors. Whereas i 4and 6H-SiC, there are
Cig 140 89 52 several choices of glide planes, this is not so @ &nd 2H

Ca3 672 585 565 605 565 553 material®’ The cylinder dimensions were similar to previous
Caa 162 170 169 163 studies on diamontl Their average radiR, and lengths
" 190 201 194

were~ 3.5a, and+/2a, (with a,=4.36 A as the cubic lattice

v 0.242 0174 0207 0212 0212 0.161 constan), and each contains about 500 atoms with a typical

aalence force field approadiMirgorodskyet al. (Ref. 33]. composition GyoSixpgHgs. The cylinders were periodically
bData by Arlt and SchoddefRef. 36, average of two measure- repeated in a square lattice with lattice constant 160 A, and
ments. k-point sampling was restricted 10.

“Data derived from piezoelectric properties by Karmanial. (Ref. Each partial dislocation with an edge component in a bi-
37). nary compound semiconductor can exist in two variants de-
9Brillouin scattering[Kamitani et al. (Ref. 38]. pending on the atom type located at the termination of the

inserted plane. Therefore, in this work starting structures for
agreement with experiment and with previous theoretical rethe partials were generated by dissociating a perfect 60°
sults. The calculated shear modulus agrees very well witlsilicon-terminated glide and a carbon-terminated glide dislo-
experiments on the more common polytypes while the Poiscation into a 30° and 90° glide partial each. The model is
son ratio is again overestimated by about 50%. Neverthelest)en cut in half separating the two partials.
the experimental estimates of this parameter vary by about Moreover, it has been found in both Si and diamond, that
30%. In fact the experimental determinationagf seems to  the energy of a 90° partial with a double period has either
be a problem, and the only value given here is derived frontompetitive energy or lower energy than the single-period
measurements on only one particular saniplie the same  structureg™*3%4° The double-period structures are con-
work, no major differences between the two hexagonal polystructed by creating a double kink at alternate sites along the

types 44 and 64 could be found. dislocation line and this certainly reflects a low formation
energy for such kinks. Hence, in this work we have investi-
IV. STRAIGHT DISLOCATIONS gated 30° and single- and double-period reconstruction of

the 90° partials with both C and Si cores. The relaxed struc-

To model the core structure, energy and electronic structures projected both parallel and normal to {41} glide
ture of straight dislocations, we use a supercell-cluster hybrighlane for 3C-SiC are shown in Fig. 1. Those irH2SiC are
approach. In this approach, a single dislocation is inserteg¢bpologically identical.
into a silicon carbide cylinder. Atoms on the faceted (a),(d): The30° glide partial. The 30° glide partial recon-
surface— cut along low index crystallographic directions—structs forming a line of bonded atom pairs. As shown in
are saturated with hydrogen to inhibit surface reconstructiorrable IlI, the Si-Si reconstructed bond length in the Si partial
and to avoid dangling bonds and related electronic gaas almost exactly the same bond length as in bulk silicon.
states. The dislocation is aligned with the axis of the cylindeHowever, the corresponding C-C core reconstructed bonds in

and periodic boundary conditions are imposed along thishe carbon core are stretched by 17% compared to bulk dia-
axis. The hybrid approach has the advantage of studying gond.

single infinite dislocation whereas at least a pair of disloca- (b),(e): The 90° glide partial (single period).In the
tions (a dipole has to be embedded in a cell if periodic single-period(SP structure of the 90° glide partial, recon-
boundary conditions are imposed on all its faces. The hybrigtruction bonds are formed which connect the faulted with
approach then eliminates the interaction of dislocations inhe unfaulted region of the glide plane. In the silicon-
different cells. For compound semiconductors, however, thgerminated core these Si-Si bonds are of comparable length
hybrid cell is not necessarily stoichiometric and hence mighto bulk silicon. Just as at the 30° partial, the reconstruction
contain more atoms of one element than the other. A MOrgonds in the carbon core are very Stretch&iﬂe |||)
detailed description of this hybrid model in comparison with  (c),(f): The90° glide partial (double period)This double-
pure cluster and supercell models can be found in Ref. 21.period (DP) structure is obtained from the single-period
As pointed out in the Introduction, the technologically structure by introducing double kinks at alternating sites.
relevant dislocations lie in the basal plane of SiC alongThis leads to two types of reconstruction bonds between like
[1120] and are dissociated into the 30° and 90° Shockleyatoms—one of which lies in the faulted region and the other
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S FIG. 1. The relaxed core structures of the

= Shockley partials in thé111 plane of I-SiC.

| (a)—(c) show the silicon-terminated partialgl)—
(f) show the carbon-terminated partials. For each
structure, the upper figure shows a projection
along the dislocation line while the lower figure
shows the projection onto the (111) glide plane
with the[ 110] dislocation line vertical in the fig-
ure. Carbon atoms are drawn in dark gray and

| silicon atoms in light gray. The region of the in-

= I trinsic stacking fault accompanying the partials is

= Y shaded. SP and DP denote the single-period and

T \.\ I double-period core reconstruction for the 90° par-

‘ o8 \'If.\l‘/ tials.

o0

}

=

=,

|

(d) 30° C glide (e) 90° C (SP) glide (f) 90° C (DP) glide

type in the unfaulted region. However, both types havewhich are faulted. The relaxed bond angles and lengths
nearly identical lengths. For both the silicon and the carborwithin the glide plane appear to be almost identical with
core this results in a shortening of the reconstruction bondshose of cubic material. The largest deviation is found in the
leaving the Si-Si bonds slightly compressed compared tease of the carbon-terminated 9(DP) partial where the
bulk silicon. The C-C bonds, however, still appear to beC-C reconstructed bond length is marginally shorter, but still
about 10% stretched when compared with bulk diamon®.3% longer than a C-C bond in diamond. This result sup-
(Table IlI). ports the argument that the core structures of dislocations are
Identical calculations have been carried out for similarvery similar in all polytypes.
dislocations in H-SiC. The structures differ from those of
Fig. 1 only in that the intrinsic stacking fault now corre-
sponds to an insertion of a plane with cubic stacking into
wurtzite material. Hence, it is the unshaded areas in Fig. 1 According to elasticity theory, the energy per unit length
of a dislocation in a cylinder of radiu® around a dislocation
TABLE IIl. Fractional increase in bond lengths of reconstructed depends logarithmically oR and can be written as
bonds relative to those in bulk material for Shockley glide partials

B. Dislocation core energies

in 3C-SiC. k(B)|b|?
E(R)=4—In E +EC, R?RC (1)
30° glide (%) 90° (SP glide (%) 90° (DP) glide (%) ’T ¢
Si-Si +0.7 -0.4 —-1.4 Here B is the angle between line direction and Burgers vec-
c-C +17.0 +14.6 +97 tor. This expression does not include the energy of the stack-

ing fault associated with partial dislocations.
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TABLE IV. The calculated energy factokf ) for 30° and 90° partials in cubiC) and hexagonal SiC
(H) found using isotropici) and anisotropic¢a) elasticity theory. The first number is given by the DFT-based
elastic constants obtained here, while the number in brackets is the factor obtained using the experimental
constants based on Ref. 35 fo€3and Ref. 38 for #/6H summarized in Tables | and II.

30° 90°
C H C H
k(p)® (GP3 208(212 205 (203 254 (240 251 (231)
k(B)®@ (GPa 195(192) 191 (191 249 (231) 246 (227

As continuum elasticity theory fails for distances of thethe radius of the cylinder. To obtain the energy per unit
order of interatomic distances, E(L) holds only for radii  length of a partial dislocation the energyR of the stacking
larger than a core radiu’;. Hence the energy contained in fault must be subtracted:
the core, the so-called core enetgy, cannot be obtained in
elasticity theory but has to be determined through atomistic
calculations. The energy fact&(8) or the gradient of elas-

tic energy versus IR, can be obtained from the elastic ) , i )
constants and the line direction and Burgers vebtof the ~ Here the sum is over all atoms in a cylind&R, L) of radius

dislocation. USing iSOtrOpiC theork(ﬁ) is given b);g R< RO and of IengtH_ RO is the ra-diUS of the Cy”nder whose -
surface is hydrogenated. Experimentally as well as theoreti-

cally intrinsic stacking fault energies are found to be of the
. (2)  order of only few mJ/'?>*~*Therefore unlike in other
semiconductors it does not play a major role in the glide
motion of Shockley partial dislocations.
The variation ofE¢(R) with cylinder radiusR clearly dis-
(flays logarithmic behavior at largefor all investigated par-
ials. The core radii and core energies can be obtained by a fit

|~

E(R)= C(;L) Ei— YR 4

i sSirtB
k(ﬁ)()z,u.(coszﬁwLm

In anisotropic elasticity theoryk(B) can be computed
numerically?%4%:42
Table IV gives the energy factors obtained for the 30° an

90° partial disI(_)cations in bqthG and H-SiC, baseq on  of E{(R) to Eq. (1). For R=R, we obtain a linear depen-
the DFTB elastic constants given above. For comparison, th8ence on InR) with a gradient proportional to the energy

valéjes /l%ased onhthe gprerimkental ilas(;i.?f constan':)s @or 3factor k(B). Due to the discreteness of the spatial energy
and 4H/6H are s own in brac ets. The di erences etwe_erbistribution, E:(R) shows oscillations for smalR, and R,
the energy factqrs in cubic and hexagona[ stacking USINdannot be defined rigorously. For the 90° partial this has
either the experimental or theoretical elastic constants afaen demonstrated in Ref. 18. The energy factors, core radii
very sm_all, with those of wurtzite being sllghtl_y I_ower than nd core energies for all the Shockley partials @-3nd
the cubic values. The calculated values are within about S@H-Sic considered are given in Table V. One immediately

ithouah it ‘b bered there i taint Sees that for all partials the energy factors obtained theoreti-
aftnough it must be remembered Inere IS Some uncertainty | lly agree well with those found using elasticity theory and

these. In comparison the energy factors found here are aboa en in Table IV. On average the agreement is slightly bet-

hah; t.h(l)ST‘ foun?hfor ttr?e s?me _?tructures in dianforahd ter with anisotropic elasticity theory. We now discuss the

certainly farger than those for siiicon. ._core energies which cannot be derived from elasticity theory.
We now inquire how .the energy factors and COreé energies  gjjicon- and carbon-terminated partial€ompared with

End (;Iati" canTbe obtained .tehntllzre% ftrr?lea:t_I(_)énlts(tlblFT- the Si-core structures, the corresponding C-core structures
ased theory. 10 compare wi c{  the olalen-  nave a higher line energy: 380 meV/A in the case of the 30°

ergy of perfect unstralned_ material is subtra_cted from thepartials and around 580 meV/A for the 90° partials. This

EFTSIE'?'EI energy of ';he d;rsllotc?;ed mo?;}_l. Itf IS Z_fggturle Ofprobably reflects the dilated reconstruction bonds present in
€ approximation that the ener@y ot Indivicual o carhon core and described above. However, as the atom

atomsi can he obtgmed easily. The “formatlon energg/f"pf rojected formation energies will be affected by nonstoichio-
a particular atom in a structure is obtained by subtracting thgsetric growth conditions, in carbon rich material the C-core
total energyE (i) of the same type of atom in a perfect— gy ctures might be the more stable partials. The core ener-

and hencestoichiometrie-SiC crystal: gies of carbon- and silicon-terminated partials will then be
S _ shifted with respect to each other according to the difference
Ei=Ej,—Ea(i). (3)  in chemical potentials.

Single- and double-period reconstructioriBhe Si-core
Nonstoichiometric growth conditions will result in chemical double-period reconstruction of the 90° partial is found to be
potentials different fronEg(i) and lead to different forma- around 90 meV/A lower in energy than the single-period
tion energied® structure. Similarly, the double-period carbon cores are more
The formation energy of the atoms in a cylinder surround-stable by about 100 meV/A. For a length equal to a double
ing the dislocation can now be written down and depends operiod of about 6A, this corresponds to about 0.6 eV. This
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TABLE V. The calculated energy factokf3), core radiiR., and core energies per unit lendgf of
basal plane Shockley partials in stoichiometric SiC. The corresponding structures can be found in Fig. 1 for
3C-SiC in the same sequence. To facilitate comparison between different dislocations with different core
radii, the core energf,. corresponding to a radius of 6 A is introduced.

30° Si 90° Si(SP 90° Si(DP)
3C 2H 3C 2H 3C 2H
k(B)? (GPa 203 194 249 251 250 242
Re A) 5.3 5.5 3.9 3.4 6.0 5.2
E. (eVIA) 0.44 045 0.51 0.46 0.59 0.54
E. (6 A) (eVIA) 0.48 047 0.68 0.69 0.59 0.60
30° C 90° C(SP 90° C(DP)
3C 2H 3C 2H 3C 2H
k(B)? (GPa 194 197 242 237 244 244
R, R 45 4.7 5.0 4.1 4.7 4.1
E. (eVIA) 077 0.78 1.20 1.13 1.08 1.02
E. (6 A) (eViA) 0.86 0.85 1.27 1.27 1.17 1.17

it to E¢(R) vs In(R/R,) plot for R=R, following Eq. (1).

energy difference is much greater than for similar partials inthe H-terminated cylinder. Both effects compensate to some
Si and about half of that found in diamoAt® extent, and yield a gap 18% too small for botiC 3and
Effects of the polytypd.he core energies are almost inde- 2H-SiC. The gap in the former polytype being 2.0 eV com-
pendent of the polytype which is consistent with the absenceared with 2.6 eV in the latter. This contrasts with a calcu-
of any pronounced influence on the elastic properties. Thitation using fully periodic boundary conditions where the
arises as the local bonding is identical up to the third shell ofjap is underestimated and values of 1.35 eV fGrahd 2.2
neighbors. Some differences occur in the core radii and coreV for 4H are found compared with experimental values of
energies but the energies in cylinders of radiué A are  2.39 and 3.26 eV, respectivéiyThe intrinsic stacking fault
remarkably independent of the polytype. in 3C-SiC does not introduce any deep electronic gap states
in agreement with previous work by “iKkell et al®® In
2H-SiC however, an intrinsic fault represents a layer of cu-
bic inclusion in the lattice, so one would anticipate localized
Dislocations are line defects, periodic only along theirgap states near the conduction-band minim@BM). Fig-
line. Hence their electronic dispersion is described by ajre 3 shows these localized bands which rea€h5—0.6 eV
singlek vector parallel to the dislocation line. To reveal the pelow the CBM. In terms of energetic position and disper-
difference between the energy spectrum of the dislocatiogion, these bands resemble the lowest conduction bands of

and the bulk the latter is projected onto this direction. the 3C polytype. Similar bands have been found by Miao
The band structures of the Shockley partials @-3and

2H-SIC are calculated using the DFT-pseudopotential code~
AIMPRO employing Gaussian basis sets. To reduce the com’s
putational effort, the band structures are obtained in smallel 4 >< —
hybrid cells than those used above for the calculation of the — =
core energies and contain on average about 120 atoms wit 2
CsoSisgH,o being a typical composition. The structures are
relaxed, using a Monkhorst-Pack<2 X 1 set ofk points?’ o= —
The projected electronic band structure of the relaxed struc: =
ture is then calculated at 21 differekipoints along the dis- -2
location axis.

Figure 2 shows the projected band structures of bk 3
and 2H-SiC as well as BI-SiC containing an intrinsic stack- FIG. 2. The band structures of bulk and faulted SiC in a hybrid
ing fault. All band structures have been aligned at the(H-terminated cylinder, projected onto thé-space axis corre-
valence-band maximurtV/BM). The calculated width of the sponding to the basal plane dislocation line directigh1Q] in 3C
gap of bulk SiC is different from both experiment and the and[1120] in 2H with periodicitiesa, /2 anda,, respectively.
use of fully periodic boundary conditions in all three dimen- only those bands which are close to the gap are drawn, and the
sions. Two competing effects have to be considered: An unregions above and below these bands are shaded. The origin of the
derestimate in the band gap caused by DFT and an openirgyillouin zone is at the far left of each band structure while the
of the gap caused by a confinement of the wave function textreme right corresponds toat the Brillouin-zone boundary.

C. The electronic structure of dislocation cores

il

_— =
=

7 Nl

(a) 3C-SiC bulk (b) 2H-SiC bulk (c) 2H-SiC ISF
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> tials lead to a occupied band about 0.4 eV abBye Near
= the conduction edge, only the 90° &P partial leads to
4 deep gap state about 1 eV beldw. The wider band gap
//é //>Q\\ i found for the C(DP) and Si(DP) cores suggests that for
—— % Seug— these the core is less strained, thus explaining their lower
0 2 —"| = e
7 ] core energy and stability over the SP structure.
]
Q
R = —— — ] V. THE ENERGETICS OF THERMALLY ACTIVATED
LS o= = DISLOCATION GLIDE
~] |
-2 Glide motion arises from the effect of stress acting on the
dislocation core. If the stress is insufficient to directly over-
(a) 30° Si (b) 90° Si (SP) (c) 90° Si (DP) come the Peierls barrier, kinks must be generated by a ther-
mal process and motion occurs by their migration along the
> dislocation line. Their formation energi€s and migration

barriersW,, then control the dislocation velocity in the ab-
4 sence of pinning centers or other obstacles. The dislocation

] = | TN == mobility is activated with energ® as
— | = | =F
% 2 = vaigce” VKD, 5
Q Q is given asQ=2E;+W,, for short dislocation segments,
0 T g e - andE;+ W,, for long segment&’® The preexponential factors,
| which include entropy contributions, will not be calculated in
\i . . . . .
5 this work. However they will be discussed qualitatively.
If there are several types of kinks, then the dislocation
velocity will be controlled by those with the minimum of
(d)30°C (e) 90° C (SP) () 90° C (DP)

QL. Qr, WhereQ, , Qg are the largest values @f for kinks
FIG. 3. The band structures of glide partials i€-&iC pro- Mmoving to the left or right respectively.

jected onto thek-space axis corresponding to the dislocation line N the following the formation energ¥; and the kink
direction[110] [with a periodicity length ofy/+2 for (b) and(e) ~ Migration barrieM, will be determined for the 30° and 90°
and \2a, for all others due to their double periodicjty@—(c) (SP Shockley partials. The calculations, which are all per-
show the band structures of the silicon-terminated partialsdrd ~ formed using the DFTB method, are restricted to the cubic
(f) show those of the carbon-terminated partials. Figure 1 gives th@0lytype as we have found above that all static properties of
corresponding core structures in the same sequence. dislocations are unaffected by the polytype.

To avoid interaction of the kinks with their periodic im-
et al** for intrinsic faults in 44 (~0.3 eV below the CBM  ages along the dislocation line, in this section the supercell-
and by Iwataet al*® in 4H and €4 (~0.2 eV below the cluster hybrid model is abandoned in favor of pure cluster

CBM). models.
The projected band structures of the Shockley partials in

3C-SiC are displayed in Fig. 3. It is immediately seen that
none of the partials possesses midgap states reflecting the
strength of the bond reconstruction along the cores. In a Figure 5(far left panel$ shows the relaxed kink structures
compound semiconductor such as SiC, however, the reco@ the 90° silicon and the 90° carbon single-period partial
struction bonds of the glide partials are of a different natureProjected into the basal plane. All atoms are fourfold coordi-
(Si-Si or C-O compared to those in bulk materi@i-C). As nated and within the glide plane, the structures of the left
can be seen in Fig. 3, only the silicon-terminated partialdink (not shown and the right kink are identical when the
[(@—(c)] appear to introduce deep occupied defect bands intdifferent stacking on each side of the dislocation line is ig-
the gap—reaching as far as 0.4 eV above the valence-barred. The difference in the reconstruction bond lengths of
maximum. Analysis of the corresponding wave functionsthe two different partial¢Si-Si or C-C bonds, respectively
show that these states are strongly localized at the Si-Si réeads to slightly different bond angles, but qualitatively both
construction bonds. The 90° SP silicon partial introduces agtructures are very similar.
empty band near the CBM but all other partials either leave The kink formation energ§; is obtained by comparing
the conduction edge unaffected or displace it slightly upthe energy of a cluster containing a straight dislocation seg-
wards. The slight variations in the width of the gap for thement with one of the same composition and containing a
different partials result from differences in model geometrydouble kink. For the 901SP) partial, the cluster used ex-
and size. tends over 8,/+2 along the dislocation line and is com-
The equivalent band structures itH2SiC are shown in  posed as §oSk1dH214. This cluster size enables us to intro-
Fig. 4. Near the valence band they are all almost identicatiuce a double kink with a kink-kink separation a&f
with the corresponding ones inC3 Once again the Si par- =+2a,, while each kink remains/2a, from the surface.

A. The 90° SP partial dislocations
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% 2Es=EpailL) —Eikre(L)—aly. (6)
4 - | - Herea i_s the kink height andELK,R_K(L)_ the elastic kink-kink
- //‘\\\ éé; interaction energy of a 90° partial givenBy
— \ —"]
2 2 ] waz 1—2v
q Eikre(L)=— 5= ——|bgd?. (7)
E ' 87L 1—v
0 | 5 T | The kink heighta=/3/8a, is simply the separation of
S Peierls’ valleys; for example, for the smallest possible double
-2 kink the interaction energy is found &_K,RK(LzaO/\/E)
~—0.24 eV. Table VI gives the resulting single-kink forma-
(a) 30° Si (b) 90° Si (SP) (c) 90° Si (DP) tion energies for the silicon and the carbon partial and are
each around 0.5 eV.
% An elementary kink migration step of the right kink is
depicted in Fig. 5, where the initial configuration of the kink
4 — ] K, the saddle point S, and the displaced kink &e shown
g\—r %‘ for both partials. In the process only two atoms are severely
o — ~— displaced breaking and forming new bonds. The motion of
’UTJ these two atoms—one silicon and one carbon atom—is used
51 to characterize the migration step. Figure 6 shows the analy-
0= e g sis for the motion of a single atom. Figurgl&ft) depicts the
— T L two-dimensional energy surface found whenxi® inter-
— mediate points were used to model the migration of a single
2 kink on the dislocation in the cluster. In the vicinity of the

saddle point S, the parameter mesh is further refined by a
d30°C (e)90° C (SP) (£)90° C (DP) factor of 10. The energy surfaces differ considerably for the
two types of 90° partials. For the carbon partial the saddle
point is well pronounced and the barrier can only be over-
come by varying both parameters. The saddle-point configu-
ration involves roughly equal displacements of the silicon
and the carbon atom. For the silicon partial, however, the

FIG. 4. The band structures of glide partials if-Z5SiC pro-
jected onto thek axis parallel to the dislocation line direction
[1120] with periodicity a, for (b) and(e) and 2a, for the remain-
ing double-period partial§a)—(c) show the band structures of the
silicon-terminated partials angl)—(f) show those of the carbon-

terminated partials. displacement of the carbon atom clearly dominates the path
to the saddle point. This is displaced by 1.2 A from the start-

_ . . _ ing configuration, whereas the silicon atom moves only
Assuming the formation energy of a single left kink and ag g A Also the different bonding situation for the two atoms

single right kink to be the same and taking into account th&j pjay a role: The movement of the Si atom involves the
energy of the faulted region generated along with the k'nksbreaking and reforming of Si-Si bonds, which are rather
we obtain a double-kink formation energy:

“soft,” whereas the movement of the C atom breaks and
reforms “hard” Si-C bonds.

The calculations were repeated for the motion of a left
kink. No difference in the migration barriers was found from
the right kink described above. This reflects their similar
structures. As can be seen in Table VI, the barrier to kink
motion at the silicon-terminated partial is about 1 eV larger
than that for a carbon-terminated partial. This might appear
to be counterintuitive as the bonds in diamond are undoubt-
edly stronger than those in silicon. However one has to keep
in mind that the C-C reconstruction bonds at the partial are
stretched considerably when compared with diamond, and it
is this effect which lowers the energy required to break the
reconstructed bond necessary for kink migration.

From the kink formation energies and the migration bar-
riers, the activation energy of the kink migration process can

FIG. 5. Kink migration at the 90¢SP glide partial. The relaxed . .
structures of the starting kink K, the saddle point S, and the mi-be evaluated following Ed5). Table VI gives the results. As

grated kink K are shown projected into the glide plane. The faultedt_he kink formation energies are almost the same at both par-

region is shaded and arrows indicate the movement of the two afials, differences in the activation energy are due to differ-
oms mainly involved in kink migrationUpper panel: Silicon- ~ €Nces in the kink migration barrier. Thus, when the glide of

terminated coreLower panekCarbon-terminated core. 90° pal’tia| diS|Ocati0nS iS Controlled by the formation and

174108-8



STRUCTURE AND MOTION OF BASA . .. PHYSICAL REVIEW B 68, 174108 (2003

TABLE VI. Single-kink formation energie€; and migration K
barriersW,, for the 90° SP Shockley partials. The resulting thermal
glide activation energyqo=2E;+W,, is relevant for short dislo-
cation segments. The number in brackets gives the corresponding
values orQ for long segmentsE;+W,,).

90° (SP glide
= W, Qoo
Si 0.515 3.06 4.093.58
C 0.455 1.83 2.742.29

FIG. 6. Modeling the diffusion of a single atorA.andB are the
positions of the moving atom in the starting and final relaxed struc-
migration of kinks, i.e., when strong obstacles are notyres, respectively. The motion of the atom is modeled as follows:
present, the carbon partial is clearly the more mobile. Thestarting at A, the atom is sequentially displaced towards B. At each
kink formation and migration energies are schematicallyintermediate position, e.g1), the cluster is relaxed with a con-
shown in Fig. 7(right) for the first four steps involving an straint that the mobile atom moves in a plane perpendicular to the
expansion of the kink pair. The dashed line connecting thdine connecting(1) and B. The minimum energy is reached when
minima represents schematically the formation energy of #he mobile atom lies at (). This process is then repeated until B is
double kink while the solid line includes the barriers neces+eached. The structural configurations corresponding tp, (2'),
sary to be overcome for kink motion. The first few minima (3'), ... lie on a low-energy path from A to B. The migration
are considerably lower in energy due to an attractive interacbarrier corresponds with the greatest of these energies relative to the
tion between the left and right kinks. starting configuration. The method has been explained in detail in

We remark here that broadly similar energies are expectefef- 47-
for kink migration in the double-period structures and for
other polytypes. This is because similar processes must occur
in these cases.

Table VII gives the energies for these kinks. The high-
B. The 30° partial dislocations energy left kinks(LK2) appear with an interesting feature:

Due to the double periodicity present in the reconstructed N Kink forms a reconstruction bond, which is of the oppo-
30° dislocation shown in Figs(d and 1d), two varieties of S|te.type to the reconstru_cuon bond§ of_ the respective
left (LK1 and LK2) and right kinks(RK1 and RK3 occur. ~ Partial—at the carbon-terminated partial with C-C recon-
Figure 8 shows the different relaxed and reconstructed kinRtruction bonds the kink reconstructs with an “alien” Si-Si
structures at the C-terminated partial. As can be seen, in tHeond, and vice verseFig. 8).
case of LK1 and RK1 the kink is located on a reconstruction In principle the structures at the silicon core and the car-
bond, whereas in LK2 and RK2, the kinks are located bebon core are very similar, with only differences in bond
tween two reconstruction bonds. All atoms in these structuretengths and angles due to the different character of the Si-Si
are fourfold coordinated suggesting relatively low kink for- and C-C bonds. Hence the kinks at the Si-terminated partial

mation energies. are not shown.
(eV) -90° Si N < [90°Si
3 I;I/\\‘\ st R 1
: 7N G M _ o
. I;I[I//[,‘Q\\\\k E L | EIG. 7. Thg energies and barriers ’Fo kink for-
0 s \\\\\\:\ 5] Wn=3.06 eV mation and migration at the 90SP glide par-
2 K . tial. Left diagrams:The energy surface of the
A K g _l__& process leading from the starting kink K via the
JUUPEL S 9 Efi 1.03 6V saddle point S to the migrated kink' KThe axes
ol-" ¥ reflect the displacements of the carbon and sili-
— Kink separation — con atom with arrows in Fig. &Right diagrams:
Schematic representation of the energy barriers
90° C involved in the formation and migration of kinks.
i i A kink pair is formed at K and subsequently ex-
pands to K. S denotes saddle-point configura-
- S . tion. The dashed line connecting the minima rep-
/N resents the formation energy of the kink pair.
_ Wn=1.83eV| Upper panel: Silicon-terminated core.Lower
L K K\ __l__4\5 panel: Carbon-terminated core.
23 0.91 eV

— Kink separation —
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> left kinks
3
a
=

i

Kink separation —>

> right kinks
2 | )
&
3
=]
=

FIG. 8. The elementary migration steps of kinks at the 30° carbon partial+t kg1 — LK2' (upper panel and RK2—RK1— RK2’
(lower pane). The relaxed structures of the high-energy kinks LK2 and RK2, the low-energy kinks LK1 and RK1, and the extended
high-energy kinks LK2 and RKZ are shown projected into the glide plane. The faulted region is shaded and arrows indicate the motion of
the two involved atoms. The graphs on the right-hand side schematically represent the energy of the glide process: A kink pair is formed and
subsequent migration of the two kinks enlarges their separation. The dashed line connecting the minima represents the formation energy of
the kink pair.

The kink formation energies are obtained by introducingin Fig. 7 and once again, for the silicon partial, it is the
kink pairs on a dislocation embedded in a cluster in a similadisplacement of the carbon atom which dominates the pro-
way to that described in the last section. However, here theess. Due to symmetry in the glide plane LKk2K1 and

kink-kink interaction energy is given &s LK1—LK2' (or the equivalent right kink processeme ap-
proximately symmetric processes and yield the same migra-
wa? 4+v tion barriers within 1%. Table VIl gives the resulting migra-
Eikri(L)=— mﬁmgoﬁ (8)  tion barriersW,, for both left and right kinks and Figs. 8

(right) and 9 schematically show the resulting energy of the
migration processes of left and right kinks at each partial.

Compare with Eqs(6) and (7). For the smallest possible Overall the right kinks are more mobile.

double _kink the interaction energy is found & k(L In principle, much of the discussion for the glide of the
=ao/ V2)~ —0.49 eV. Since the structures of left and right gge partial applies to the 30°. However having two different
kinks are very different, one cannot expect similar formationyarriers for left and right kink migrations respectively, results

energies. Hence the single-kink energies are not individually, 53 modified expression for the partial velocity. Equatish
found, but only the sum of two kink formation energies. Wejg repjaced bff

calculated the sum of formation energies for all possible four
combinations of left with right kinks. The lowest energetic ~ TABLE VII. Kink formation energiesE; and migration barriers
pair occurs for the LK1-RK1 with a formation energy: Wm for the 30° Shock]ey pz_irtials. The double periodicity implies
2E((1)=E{(LK1) + E{(RK1). The energies of other combi- two forms of left and right kink§LK and RK). 2Ef(1).=Ef(LK1)
nations can be found by adding the appropriAteterms +E{(RK1) denotes the sum of t_he fo_rmatlon energies of the low-
given in Table VIL. energy left and the low-energy right kink,(LK) gives the energy

For right kinks RK2,A is small and around 0.3 eV. How- d.'ﬁerence between the low-energyK1) and the h|gh-eqergy .leﬂ
ever, for left kinks,A is between 2 and 3 eV. The two right <I"KS (LK2) andA(RK) denotes the same quantity for right kinks.
kinks appear with similar bond angle distortions WhereasTo facumite comparison with the 90° partials, an average activation
among the two left kinks, it is clearly LK2 which sr,lows the €N€r9Y Qao=[2E(LK1) +W,(LK) +2E(RK1)+Wr(RK)]/2 is
strongest distortions>20° for the two atoms closest to the given. The glide actlvgtlon energy assumes short dls_locatlon seg-
kink). This could explain the large energy difference l:)(:J‘tweerlments and the values in brackets give the corresponding values for
LK1 and LK2. ong segments.

As in the case of the 90° partial, the elementary migration 30° glide
steps are modeled in a cluster containing a dislocation with a —
single kink. Figure 8 shows the elementary kink migration 2E(1) ALK Wulll) ARK) WnlRK) Qs0
steps LK2-LK1—LK2' and RK2-RK1—RK2' at the s 1.62 2.87 3.79 0.28 287 4.95.19
C-terminated partial. The resulting energy surfaces for each  2.21 211 3.00 0.33 1.78 4.68.50
single step are very similar to those at the 90° partial shown
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o el /(LKD) + E(RKDIKT] = Win(LK)/ KT 1. o= Win(RK)/KT]
s .
9

Right kinks with their lower migration barrier dominate the
glide process. However, to allow an easy comparison, as a

crude approximation an average activation barr@s,
=[2E;(LK1) + W(LK) + 2E¢(RK1)+W(RK)]/2 can be Lo
defined for short segments. For long segments the same ex-
pression holds, however with half the formation energies. '
Both values are given in Table VII. Among the 30° partials 0
the carbon core is slightly more mobile than the silicon-core — Kink separation —
partial, but the difference is less pronounced than for the 90°
partial.

a. The influence of entropy effecith small differences
in activation energy between the Si- and C-terminated 30°
partials (0.35- or 0.74-eV difference for short or long seg-
ments, respectively entropy effects might play a major role
when discussing glide motion. As mentioned earlier, in this
work we will not explicitly calculate entropy contributions.
To get an estimate however, we can compare with recent
investigations of defect diffusion in SiC: For vacancy and
antisite diffusion, total entrop)g ES”F”bU“O.”S typically rangé i, 9. The energies and barriers to kink formation and
from 0.1 to 0.4 ?V at 18_00 K Since differences in en- migration at the 30° Si glide partial. Schematic representation
tropy between different diffusion processes then are smalleps e energetics of the glide process. For further details see caption
we expect our results to be rather qualitatively independents ig. g,
of entropy effects. The carbon antisite is found to have a

higher diffusivity than the silicon antisite, and this difference once again finite hydrogenated clusters containing a single
is even slightly enlarged if entropy is taken into account. Asgink on various glide dislocations inGSiC are investi-

there are some similarities between kinks at C-terminate . : : -

) - ated. The cluster stoichiometries arg,SigH;,g (straight
partials and carbon antisitéboth possess C-C bongsnd 30° S), SigsCasHyos (left Kinks in 300%43)!59 Slilzf 1o 3H?42
equivalently between Si partials and silicon antisites, w right k’inks in 30° S, and 8125C125H150, (straight and

would at least not expect a change in the order of dislocatio inked 90° partials The 30° carbon clusters are constructed
mobilities due to entropy contributions. by simply swapping Si and C

b'. Summ?‘ry‘” comparison, the 90° partial |s't_he MOr® "~ The structures are relaxed usingyPRO and their result-
mobile species. Further, the purely thermal mobility of car-;

L ng electronic Kohn-Sham eigenvalue spectra are given in
bpn partials in the alq_sence of strong obstacles appears to b?gs. 10 and 11. The electronic band gaps obtained vary due
higher than that of SI|I.COI’] partials, and the velocities (?f U5 the differences in cluster size and geometry for the differ-
dgcora_\ted neutral partials are largely controlled by their klnl%nt types of partials and kinks. As a general observation for
migration energy. both 30° : . ) .

) . . R partials, the high-energy kinksk2 and RK2 give
n comparison with ez_irller DF;—base_d resglts for the 90 rise to a slightly more pronounced local gap narrowing than
(SP partials in SiC by Sitclet al,”" the kink migration bar- ({)heir low-energy counterpartd K1 and RK1. This can

rier found here is about 0.4 eV higher at both the silicon an : :
the carbon partial. This might result from the use of muchﬁgl)é) zk;lélokéiea;ggeLﬁl)iﬁteﬁ(gsaz;dc%nz;quence of the larger strain

larger cluster models in this work, which give a more aceu” 1 the case of the silicon-terminated 30° and 90° partials

% highest occupied gap levetsg, +0.2 eV, are localized

on the Si-Si reconstruction bonds. These characteristic levels

correspond to the Si-Si related band above the VBM found in
e band structures of infinite Si-terminated partials given
arlier (Figs. 3 and 4 Most kink structures in carbon-

terminated partials do not lead to additional gap levels. Only

Ing dlfferen_ce is found for the Si part!aI: In this work theclhree kink structures show more outstanding electronic char-
kink formation energy appears to be similar to that at the Acteristics

gg[?ﬁl\;\/t?:riisognclﬁgg tlh?atlttLSentﬁglrlgr:g:eéc':lis\;taiggeg?rsiérb ?;? 30° Si LK2. Here the highest occupied level is pushed
o - . ~0.4 eV into the band gap. This effect is possibly related to
the carbon partial is lower than that of the silicon partial. . .
the local strain at the kink structure.

30° C LK2. A feature common to all silicon-terminated
partials can also be found in the carbon-terminated LK2

The question now arises if any additional electronic levelsstructure: As shown in Fig. 8, this is the only kink in a
are introduced in the band gap due to the presence of kink§:-terminated partial which appears with an “alien” Si-Si re-

Udi 30° 8i| 1left kinks

-6 LK2

Energy (eV)

right kinks

Energy (eV)

bulk material. In addition, in Ref. 17 the migration barrier
was deduced from the barrier to double-kink formation,
rather than kink expansion as modeled here. The formatio
energy of the smallest double kink at the C partial also is 0.
eV lower than that found in the present work. A more strik-

C. Influence of kinks on the electronic structure
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construction bond. It is this bond which in the neutral chargehe carbon-terminated cores, however, are all stretched by
state gives rise to the occupied gap level close to the VBM—=15% compared with the carbon bond length in diamond.
very similar to what is found for the Si partials. As a consequence the carbon-terminated cores possess
30° C RK1. This kink reconstructs with a considerable higher core energies.
bond angle distortion which appears to give rise to the empty In addition, the results strongly indicate that for all par-
level observed in the upper half of the gap. tials both energy and local structure are almost entirely inde-
pendent of the polytype. Thus similar results can be expected
for 4H and &H-SiC.

Like diamond and in contrast with silicon, the double-
Generally speaking, the core reconstructions of partiaperiod 90° partials are about 90-100 meV/A lower in en-
dislocations in the basal plane of SiC are very similar toergy than the single-period forms. Thus the smallest double-
those found in earlier work for diamorid.Unlike in dia-  period partial is about 0.6 eV lower than a single-period one

mond though, in SiC one has to distinguish between twf the same length.
types of core reconstructions for each dislocation: Silicon- The electronic band structures of the straight partials were
terminated and carbon-terminated cores with Si-Si and C-@alculated both in 8- and 2H-SiC. In both polytypes only
reconstruction bonds, respectively. the Si partials possess a relatively deep occupied band lo-
In all the structures investigated, the Si-Si core bonds aréated about 0.4 eV above the VBM. These bands originate
of comparable length to bonds in bulk Si. The C-C bonds offfom the Si-Si reconstruction bonds. In contrast to this, the C
partials do not lead to deep gap states.

VI. SUMMARY AND CONCLUSIONS

or q Independent of the type of partial, thélZpolytype intro-

= _ duces additional empty bands below the CBM. These bands

gl =O0O0— == e - overlap those associated with the intrinsic stacking fault ac-
companying the partial dislocation and reael®.5-0.6 eV

oL ] into the gap. Due to the smaller gap, foH4and éH-SiC

one would expect the stacking fault bands to be closer to the
conduction band, and indeed theoretical investigations by
Miao et all?for 4H and Iwataet al1® for 6H predict similar
bands at 0.3 and 0.2 eV below the CBM, respectively. Except
for the presence and positions of the stacking fault related
bands the different polytypes seem to have no further influ-
1 ence on the electronic structure of the basal plane partials.
The glide motion of the four different Shockley partials—
— = 30° and 90°(SP, both Si and C terminated—has been con-
30°Si 30°SiLK1  30°SiLK2  30°SiRK1  30°SiRK2 sidered as a process of kink formation and subsequent mi-
= = gration. Experimental results inH6SiC give activation en-
— — _ ergies in a rather wide range @f=2.1-4.8 eV***?This is
gL OO oo —(F5 55— —— —00— | close to the range of activation energies found in this work,
which range from 2.3 eV for the carbon-terminated 90° par-
tial to 4.1 eV for the silicon-terminated 30° partial—
assuming the glide process to involve the motion of long
dislocation segments.

Overall, the 90° partial was found to be the more mobile
species. Further, at least in the absence of strong obstacles,
the mobility of carbon-terminated partials is significantly
higher than silicon partials. The finding that the carbon par-
. tial is the mobile partial is in contradiction with the conclu-
sions of Pirouz and Yarig where electron microscopy in
—_— = 3C-SiC was used to determine the identity of mobile partials
30°C 30°CLK1  30°CLK2  30°CRK1  30°CRK2 by large-angle convergent beam electron-diffraction
experiments? This suggests that obstacles, e.g., impurities
or radiation induced defects, may play an important role in

occupied states are indicated by two filled and two empty circles,p'nn'n_g carl?on .partlals. For ex_ample, nitrogen '_S‘ a Comm_on
respectively. As some of these states are localized gap lésets 'MPUrity which is found exclusively at carbon sites. In this
text), they do not necessarily represent the valence-band maximuf@S€ glide is not controlled by the migration of kinks, but by
or the conduction-band minimum. The spectra are unscaled ante barrier to separate the kink from the obstacle.

energy zero is chosen arbitrarily through a shift constant for all Out of the ten elementary kinks, only three appear to in-
structures. Upper panel: Si-terminated partial. Lower panel:  troduce additional states in the gap: the high-energy left kink
C-terminated partial. The far left spectra give the respective un{LK2) at the 30° Si partial gives an occupied leve0.4 eV
kinked partial. above the VBM. At the C partial, the same kigkK?2) re-

-1}

g

(eV)

-1k

FIG. 10. The Kohn-Sham eigenvalue spectra of kinked 30°
Shockley partials in SiC. The highest occupied and the lowest un
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(2) Under forward bias a~1.8 eV electroluminescent
band is found at mobile Shockley partials bordering the

(eV)

B o o_ T === ~ 99 1 growing stacking faults.
e B (3) Skowronskiet al>® observed 30° partials inH-SiC
2 T . moving under forward bias. In their experiments, light emis-
sion of considerable intensity as well as glide motion ap-
1) + g peared to be restricted to one species of 30° partial only.

(4) The activation energy for the movement of the 30°
4 partial under forward bias is found to be 0.27 %@ompar-
ing this with similar experimental estimates without bias, the
authors of Ref. 6 suggest a nonradiative recombination trap
~2.2 eV from one of the band edges at the Shockley partial
to be responsible for the REDG mechanism. The 2.2 eV
recombination energy then added to 0.27 eV then equals the
activation energy of around 2.5 eV found from the tempera-
FIG. 11. The Kohn-Sham eigenvalue spectra of kinked 90°ture dependence of the yield stress.
Shockley partials in SiC. For further details see caption of Fig. 10. \We have shown here that the main difference between Si
Left pair: Si-terminated partialRight pair: C-terminated partial. and C partials in terms of electronic structure appears to be
The left spectrum in each pair gives the respective unkinked partiathe presence of states 0.4 eV above the VBM in the case of
Si partials. This, in combination with the aforementioned ex-
constructs with a Si-Si bond and in a manner similar to Si-Sperimental findings, points towards a nonradiative recombi-
bonds in all Si partials, this leads to a localized level abovenation process between the gap states of the Si-terminated
the VBM. Finally, the low-energy right kinKRK1) at the partials and those induced by the stacking fault. Assuming
30° C partial gives rise to an empty level in the upper half ofthe latter states to be around 0.3 eV below the CBRf.
the band gap. In contrast to the 30° partials, all kinks at thel2) together with a gap of 3.3 eV, and the states of the Si
90° partials were found to be electrically inert. partials to be 0.4 eV above the VBNhis work), gives an
Recombination-enhanced dislocation glide. referred to  estimate of 2.6 eV for the nonradiative recombination. Con-
above, the rapid degradation under forward-biased operatiosidering the band-gap error in DFT, this is in reasonable
is @ major problem in bipolar SiC device technology. In thisagreement with the 2.2 eV suggested in Ref. 6. It further
irreversible process, stacking faults bounded by Shockleguggests that only one type of partial—the Si partial which
partials expand, introducing recombination centers and rerpossesses electrical activity—is highly mobile under
der the device useless. Neither the temperature nor the strefsgsward-bias, in contrast with the C partial. The latter, how-
in these devices is sufficient to overcome the barriers foever, is the more mobile partial at high temperatures as it
dislocation glide. Therefore, it is commonly believed that thepossesses lower glide activation energi@ables VI and
bounding Shockley partials move by a recombination-VIl). The theory then is consistent with experiment as far as
enhanced dislocation glideREDG), where the glide activa- different partials are responsible for the REDG and high-
tion energy is substantially lowered by energy from nonraditemperature glide, but in conflict over the identity of the
ative recombination at the dislocation core. So far the origirpartials.
of the states participating in the nonradiative recombination The origin of the 1.8-eV emission associated with the mo-
process remains obscure. However, there are several impdsHe partials remains unclear. It cannot be explained by the
tant experimental findings, which have an impact on theelectronic gap states found for the straight partial or the
question. kinks. The 1.8-eV emission could, however, be related to
(1) In 4H-SIiC, electroluminescence experiments by Ga-intrinsic defects such as Si vacancies which are trapped at the
leckaset al® reveal a 2.8-eV band involved in the degrada-dislocation cores. The Si vacancy irH4SiC has internal
tion process. This recombination has been attributed to ele@mission lines at 1.458 and 1.352 ¥\hut internal recom-
tronic bands induced by the fault at 0.2—-0.6 eV below thebination from higher excitationsaround 1.8 eV above the
conduction-band minimum, which were predicted by Iwataground state could occur in the vicinity of a dislocation.
et al,***3Miao et al,? and also in this work. However, further studies are needed to resolve these issues.
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