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Stacking faults in group-IV crystals: An ab initio study
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Intrinsic and extrinsic stacking faults along thel1] direction in cubic SiC, Si, and C are studied within a
first-principles scheme based on density-functional theory and the local-density approximation. In contrast to
stacking fault energies for Si and C, we find them to be negative for SiC, possibly one part of the explanation
for the large variety of hexagonal and rhombohedral polytypes. The formation energies are compared with
experimental and theoretical data available and the chemical trends are derived for the geometrical changes.
The electronic structure is calculated for the energetically favorable stacking faults in SiC.
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It is a well-known fact that among materials crystallizing fundamental gap, which is also investigated for the most fa-
in a close-packed structure there are several showing a temerable faults. The single-particle energies are identified
dency to deviate from the rules of building their lattice by with the solutions of the Kohn-Sham equations.
creating a stacking fault. Sometimes it happens that those Generally, stacking faults represent irregularities in the
deviations become a rule themselves. Then stacking faultstherwise perfect stacking sequence. However, the number
are repeated periodically and a polytype is formed, which, obf bonds remains unchanged, i.e., in the materials under con-
course, can be considered as a faultless structure with a larg&leration the tetrahedral coordination is not destroyed.
period and new translational symmetry. Stacking faults in fcc crystals occur if the stacking sequence

From the materials showing polytypism, SiC is the mostdiffers from the cubic close-packed one.ABCARC...
important example due to the large variety of stable poly-ajong the[111] direction. In crystals with zinc-blende or
types actually observed. M(_)re than 200 polytypeg of SiC argjiamond structure actually  the stacking is
known. I':grtherm'ore, st'ack|r21g faults play a crucial role forAA’BB’CC’AA’BB’CC’—every second layer is placed
the mobility of dislocationg:? In contrast to other defects on top of the first layer with a separation equal to the bond

like dislocations or vacancies, no bonds are broken and thl%ngth The distance between neighbored atomic planes be-
energy differences are expected to be very small compared ‘8nging to different bilayers, e.g., betwest andB, equals

the unfaulted structures. Hence it is rather difficult to Calcu_one—third of the bond lenath. Keepina the convention in
late the stacking-fault energies accurately. Only a few at- gin. ping

tempts were made to study stacking faults with first-mlnd thatA,B,C Sh.a” denote a bilayer .Of the two _atoms
principles methods. Choet al. calculated their formation P2€l0nging to one unit cell, we can abbreviate the cubic stack-
energies, the atomic structure, and the accompanying elelld séquence withBC. This sequence is repeated infinitely.
tronic states for silicod. Denteneer used a first-principles Other polytypes have different stacking sequences to be re-
method to calculate the total energies for several polyfypesPeated, like the hexagonal oneAB (2H, wurtzite),
and extracted the stacking-fault energies for Si, C, and SI&\BCB(4H), or ABCACH6H).
from an ANNNI (axial next-nearest neighbor Isinodel® The most common stacking faults in cubic materials are
In this paper, we study the stacking faults in SiC, Si, andthe intrinsic and extrinsic stacking faultsSF and ESF to
C, crystallizing in zinc-blende or diamond structure, within which we will restrict the studies. The ISF can be thought of
the scheme of density-functional thedFT) in the local- asremovingone double layer from the infinite stacking se-
density approximation (LDA).®” For the exchange- quence, for example, by condensation of vacancies. Another
correlation energy, the data of Ceperley and Alderthe  physical process generating an ISF is a plastic glide caused
parametrization of Perdew and Zungbave been used. The by shear stress applied to the crystal. The resulting stacking
electron-ion interaction is described with norm-conservingsequence is . ABCA/CABC.. ., if a double layerB is
ab initio pseudopotentials of Bachelet-Hamann-Strlu removed, as for instance shown in Fig. 1. The ESF on the
type'? in the Kleinman-Bylander factorizatiorl.The carbon  other hand can be thought afiding a double layer to the
pseudopotential has been modified slightly to allow a loweistacking sequence, for example by the condensation of inter-
cutoff E, for the plane-wave basis-s€ét.Convergency is stitials. The resulting stacking sequence in this case is
reached for SiC aE =34 Ry} for Si atE.,=20 Ry, ...ABCA/C/BCABC... (cf. Fig 1). Another interpreta-
and for C atE. =42 Ry!* Based on a method to study the tion of the occurrence of the stacking faults is related to a
structural properties of different SiC polytypEswe derive  twist of the three equivalent bonds between two bilayers by
the formation energies for the stacking faults. The deviationd80°. Then, besides staggerézlibic layers also eclipsed
of the atomic positions in the faulted planes are obtained byhexagonal bilayers appear.
relaxing the atoms according to vanishing Hellmann- The calculations of the stacking fault energies at zero
Feynman forces. Finally, an interesting aspect in associatioremperature were performed within a Car-Parrinello-like mo-
with defects is the existence of electronic states within thdeculardynamic approacii:*® Within this method, atomic

0163-1829/98/58)/13265)/$15.00 PRB 58 1326 © 1998 The American Physical Society



PRB 58 STACKING FAULTS IN GROUP-IV CRYSTALS: AN ... 1327

ideal intrinsic (ISF) extrinsic (ESF)
ABCABC ABCA/CAB ABCA/C/BCAB
I [11] o .
c A 5 FIG. 1. Stacking sequences for
B c A an ideal fcc structuréleft pane),
A B c fcc with ISF (middle panel, and
. A . fcc with ESF(right pane). A,B,C
. . represent the threg inequivalent
i R R positions within a (10) plane of
a unit cell.
c c c
B B ]
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and electronic degrees of freedom are optimized simultaef a nH supercell arrangement can be written as

neously. The atomgions) are relaxed according to the

Hellmann-Feynman forces until they vanish within the nu- oz

merical accuracyapproximately 104 A). The structure is E=Eo— Z Z Jioioiij, (1)

simulated within a supercell approach. On the (111) plane st

the stacking fault therefore corresponds to an infinite planafhere runs over the interacting bilayers afg is an en-

defect as in reality. In thgl11] direction the stacking faultis ergy independent of the bilayer stacking.

repeated after a certain number of double layers. Therefore Restricting the interactions on not more than between

we must assure that there are enough well-stacked doubtgird-nearest neighbors, the total energies of only four stack-

layers in the supercell to avoid interactions between theng sequences—for instance, of the four polytyp&s 2H,

faulted layers. 4H, and @8H—have to be calculated by a first-principles
For the calculations we use a repeated arrangement @hethod to determine the three interaction paramelerd,,

supercells of hexagonal symmetry with the third axty (  andJ; as well as the energl,. This has been widely done

along the [111] direction. Supercells of the type (5 for silicon carbide!>'8-2%ut also for Si and C restricting to

+3n)H (n=0,1,2...) or (4+3m)H (m=0,1,2...) are  second-nearest-neighbor interactfdi The energy represen-

possible for the description of ISF and ESF, respectivelytation (1) also allows the calculations of the formation en-

The almost vanishingartificial) interactions between stack- ergy AEsrese Of a stacking fault per one atom in a two-

ing faults have been investigated by varying the supercellimensional unit cell perpendicular to tieeaxis. One finds
size. After careful tests of the convergency with respect to

the energies and the atomic coordinates, we found unit cells AE,g;=4J,+4J,+4J;, AEgg—=4J,+8J,+8J;.
containing eight (=1) double layers for the ISF 2
(ABC/BCABQ and seven m=1) for the ESF . i i

(AB/A/CABC) (see Fig. 1 to be sufficient. However, for 1Ne stacking-fault energiefisgesrper unit area follow from
the calculation of the stacking-fault energies we have toEisreseby division with the area/3aj/4 of one atom in a
compare with the total energies of unfaulted structures. Sincél11) plane. For the cubic lattice constant we use the theo-
the Brillouin zone integration is replaced by a summationretical valuesa,=4.29 A (SiC), a,=5.38 A (Si), and a,
over six speciak points of Chadi-Cohen typ€,one has to =353 A (C).

take special care that the calculations for faulted and un- The results of oumb initio calculations for SiC and for
faulted supercells are performed under equivalent conditionghe pure elements Si and C are listed in Table I. We compare
For different cell sizes, this could be covered by equivalenthem with otherab initio calculations for Si(Ref. 3 and
sets ofk points with respect to the sampling of the Brillouin

zone. Another possibility is to represent faulted and un- TABLEI _Comparison of first-prir!ciples_ stacking-fault er_1ergies
faulted systems in supercells of the same size. The smallegtsriesr for different group-IV materials with other theoretical or
unit for the unfaulted zinc-blende structure in EL1] di- experimental data available. The energies are in mJ/m

rection consists of three double layers. Therefore, the super-
cell for the ISF must contain at leask&= 24 bilayers, and,
respectively, the supercell for the ESF<3=21 bilayers.

S|

Chouet al. ANNNI
This work  (Ref. 3 Experimental (Ref. 20

The stacking fault energies themselves are finally obtaineg ISF 38 33 69 47
by subtracting the total energies of the two large-supercell ESF 20 26 60 36
calculations from each other, which is expected to cancet ISF 318 — 300
most of the systematic failures of the calculational method. ESF 254 _ 278 253
The one-dimensional character of the stacking differencgjc |sg  —-34 _ 14
in polytypes and periodic arrangement of ISF/ESF supercells ESE py _ 2.5 6

suggests a description within the ANNNI model, where the
ith cubic (hexagonal bilayer is represented by a pseudospin®al and Carter(Ref. 27).

up oi=+1 (down o;=—1). Neglecting interactions with PPirouzet al. (Ref. 22.

more than two spins involved, the total energy per Si-C paifMaedaet al. (Ref. 23 for 6H.
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experimental datd—2% as well as with the ANNNI calcula- TABLE Il. ANNNI model and stacking-fault energies for SiC.
tions by Denteneéf for all three materials. The error in the The interaction parameteds are in meV/Si-C pair, the energies
total energy resulting from the finite plane-wave basis seEvesr are also given in meV. The stacking-fault energigs:/esr
and the Brillouin-zone sampling by a very limited number of are obtqlned by normahzmg the vglues with the area .of the cell
k points can be estimated to be about 0.001 eV per atorRerpendlcular to the stacking direction. They are given in rAJ/m
pair. This results in possible relative errors of 1(B&H and
20% (ISF) for Si, 4% for diamond and 25%ESH for SiC.

2nd NN 3rd NN (Ref. 4 (Ref. 24 (Ref. 18

In the case of the ISF in SiC, the formation energy ap-J; 0.86 1.18 4.35 4.80 2.33
proaches the numerical accuracy. J, —-234 —234 -—257 -2.93 —3.49
The overall agreement concerning the magnitude of the, -0.32 —0.45 0.25

formation energies is quite reasonable. In the case of Si, the

absolute values from bothb initio calculations are some- AEisr —590  —590 7.12 568  —3.64
what smaller than the experimental ones. A more accuratéEesr ~ —1524 -1653 -3.16  -7.84 —16.60
q.uantity r_night be define_d by th(=T ratio of intrinsic and extrin- Yir ~11.8 -118 13.8 11.1 71
sic stacking-fault energies, which can be accessed experi; 306 -332 —61 _15.4 323

mentally on one sampfé.With 1.9+ 0.6 this value is over-
estimated in our calculation compared to the experimental
value of about 1.150.09. For diamond, the stacking-fault
energies are considerably larger than for silicon and the reIaE
tive errors naturally smaller. Experimentally, the stacking-
fault energy for C was determined by Piroeral?? with

- . T ossesses the opposite sign.
279+41 mJ m 2, without distinguishing between ESF and P
ISF. Both of the calculated values are within the error of the For the faulted structures, the Hellmann-Feynman forces

experimental ones, and also the mean value of the calculatél.. calculated in the neighborhood of the faults and are op-
P ’ §iized simultaneously with the electronic structure optimi-

72 . . _
values of 286 mJ m" compares well with this value. Nev . zation. In Table Il we present the calculated vertical devia-
ertheless, the agreement between the calculated stacking-

fault energies with the experimental values is quite goo ons from the equilibrium positions determined by the cubic

taking into consideration the complicated procedures to ex§tructures for Si, €, and SIiC. From the point of symmetry,
9 ) . P P the deviations in Si and C add up to zero, whereas this is not
tract such energies experimentally.

Common for Si and C is that their stacking fault energiesnecessanly the case in SIC. In case of the ESF, the move-

are definitelv positive. which is in agreement that pol o ment of the silicon atoms is as follows: The vertical bond
yp ’ 9 hat polytyp ﬁength of the two double layers where the stacking direction
of these materials are not observed under ambient conditio

- . . o néhanges is stretched somewilthtis holds also for the ISF
In the limit of pure-covalent bonding they crystallize within nd the vertical bond length of the added layer in between is
the diamond structure. For SiC on the other hand, we fin

negative values for both ISF and ESF. However, since th hortened. The lateral bond lengths to the added layer mainly

result for the ISF approaches the numerical accuracy in thi‘?‘sem""In unchanged. The deviations for diamond are very

case, it should be taken with care. But considering the com-
mon polytypes 6 and 4H, the ESF should play a more TABLE lll. Vertical deviations in the faulted structures from the
important role since its stacking sequence is closer to thétomic positions in the unfaulted cubic structgire 10~ 3A) for Si,

corresponding bulk stacking sequences than that of the ISIQ.' and SiC. The stacking in the unit cells used for the optimization

The energy of the ESF is definitely negative and therefords indicated by the atomic positions in the (J1@ane. In case of
causes the cubic zinc-blende polytyp@ 8ot to be the domi- SiC filled (open cwcle_s_ |nd|c_at¢ Si(C) _atoms. Six(four) atomic
nant structure among the polytypes. Comparing the resul@yers around the additionéhissing A bilayer are allowed to relax
for SiC with experimental data, Maeda has found=2.6.9 for the ESF(ISP).

mJm 2.2 However, this value was obtained for stacking-

are very well with the data of Cheng, Heine, and Neds.
or the other two data sets, onfyese is negative and also
much smaller, whereasg sk is of the same magnitude but

faults in a 61 polytype and a temperature of about 1600° C. ESF S c s ISF S c s
Since & is preferred over @ at this temperature, a positive O @)
sign of the stacking-fault energy is expected. °® °

The accuracy of our total-energy calculations for the ( O +6.7 +6.8 +4.2
stacking faults in the critical case of SiC is characterized in ¢ ° —17 +0.7 +08
Table 1l by the comparison of different ANNNI models. o +5.0 +40 +48 O +1.7 -07 +1.2
Their parameters are derived from various different total-g -81 —-86 —-05 ® -67 -68 —-07
energy calculation$™>'*?*The stacking-fault energies are 41 —-74 —11 O
derived from expression€). From the total energies in a ° +4:1 +7:4 _1:9 °

previous paper of outd but also from those of other
author§'®2* we have calculated the parameters of the

ANNNI model including next-nearest- and third-nearest-

neighbor interactions. First, we observe that the interactions
between third-nearest neighbors play only a minor role. Sec-
ond, we see that in our calculations both of the stacking-faule A B A B C
energies are small, but definitely negative. The results com

O +81 +86 +43 O
® 50 —40 +02 @

® O




PRB 58

similar and of the same magnitugsomewhat larger any-
way, according to a scaling with the lattice constaand
sign as for silicon.

For the ESF the situation in SiC is similar, even if the
atoms move partially in the same direction. A major differ-
ence, however, is the tiny stretching of the vertical bond of
the added layer. Since all three vertical bond lengths are
stretched, the lateral ones have to be shortened. This phe-
nomenon is the same as observed for the hexagonal poly-
types of SiC**% Furthermore, the mean deviation, or more
strictly, the mean value of the magnitude of all deviations,
for SiC is only about 35% of the mean deviation for Si in
both cases, ESF and ISF. This implies that the strain on the
bonds in SiC caused by the faults can be released much more
easily than in Si or C, or, that there is not as much strain as
in Si or C.

Finally, we investigate the electronic structure for the ESF
and ISF, but only for SiC because of the energetical favor-
ization. We compare it with that of ideal zinc-blende SiC to
determine possible defect states within the fundamental gap
due to the stacking faults. To determine the projected band
structure of the perfect crystal in the plane perpendicular to
the cubic[111] direction, we have calculated the bands in an
extended hexagonal unit cell. The eigenvalues for the faulted
structures are plotted along high-symmetry lines in the two-
dimensional hexagonal Brillouin zone together with the pro-
jected band structure of the ideal structure in Fig. 2. In agree-
ment with the enlargement of the indirect energy gaps in the
hexagonal polytypes, defect-related bound states appear only
close to the band edges. The occupied defect bands can be
distinguished from the perfect bands only for the ISF in the
region betweed” andM, and partially also betweel and
K. At the " point, we find occupied defect states about
23 meV slightly above the valence-band maximNBM)
for both structures. This is near the calculated natura
valence-band offset of 21 meV betweeH &nd 3 SiC2*

On the other hand, the situation close to the VBM is similar,
to the case of pure Si.The conduction-band minimum
(CBM) and therefore the gap energy is not lowered by the
stacking faults as expected, since from all polytyp€&sttas
the smallest gap. However, for the ISF a rather pronounce
defect-state band is observed aroundKhpoint. It could be
related to the pure hexagonal stacking around the faults?
From the 24 polytype we know that for pure hexagonal
stacking the conduction-band minimum at tepoint of the
hexagonal Brillouin zone comes remarkably down in energy.

In conclusion, we have performed first-principles calcula-
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FIG. 2. Electronic structures for extrinsioppe) and intrinsic

(lowern) stacking faults in SiC. The shaded area corresponds to the
Pand structure of the perfect crystal projected onto the two-
dimensional Brillouin zone of an ideal (111) plane. The defect
bands are marked with dashed lines. Bulk and supercell band struc-
tures are aligned using the corresponding electronic potentials.

fault energies with other theoretical and experimental data is

asonable. In contrast to Si and C, we find negative stacking
ault energies for SiC, indicating the favoring of more hex-
gonal polytypes over zinc-blende SiC. The defect states
ower the energy gap by only about 20 meV, which is com-
parable to the band offset ot SiC to 3C SiC.
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