PHYSICAL REVIEW B VOLUME 56, NUMBER 11 15 SEPTEMBER 1997-I

Stability and band offsets of polar GaN/SiG001) and AIN/SiC(001) interfaces
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We present first-principles calculations of structural and electronic properties of{pOHroriented inter-
faces betweerB-SiC substrates and strained cubic GaN or AIN. The formation enthalpies of reconstructed
interfaces with one and two mixed layers and latasg2x2), 2X1, 1X2, and 2<2 arrangements are
calculated. We find interfaces containing C-N “donor” and Si-Ga “acceptor” bonds to be energetically highly
unfavorable. The most stable interfaces are predicted to possess unsaturated Ga-C and Si-N bonds only. Simple
electrostatic arguments suffice to explain the energetically lowest lateral reconstructions among structures that
have the same chemical composition. The present self-consistent total-energy minimizations show that atomic
relaxations play a crucial role both energetically as well as for the band offsets. Qualitatively, these relaxations
can be understood as size effects of the constituent atoms. The electronic valence-band offsets of various
stoichiometric interface structures of GaN/8)G1) and AIN/SiQ001) heterojunctions are found to depend
strongly on the chemical composition of the interface layers but are less sensitive to the type of lateral
reconstruction. Interfaces that have different chemical compositions but comparable formation enthalpies lead
to valence-band offsets in the ranges of 0.8—1.8 eV and 1.5-2.4 eV, respectively, depending on the detailed
interface mixing. However, the valence-band maximum is found to lie higher in SiC than in GaN or AIN in all
cases[S0163-182807)09236-9

I. INTRODUCTION of polar interfaces between cubic $0D1) substrate and
lattice-matched, strained zinc blende GaN or AIN. Since
The IlI-V nitrides GaN, AIN, and their alloys appear to be abrupt polar interfaces are energetically unstable with respect
promising candidates for high-power, high-temperature, antb the interdiffusion of atoms across the interfaté! we
high-frequency microelectronic applications as well as forconsider several intermixed, reconstructed, and fully relaxed
blue and ultraviolet light-emitting diodes and laskf$So  geometries and compare their relative stability. Electronic
far, most of the research has focused on GaN, but AIN-baseand ionic degrees of freedom are fully taken into account.
heterosystenis® show some advantages due to the largefindeed, the atomic relaxation near the GaN/SiC interface is
band gap of 6.2 eV and the excellent thermal and chemicalignificant due to the 3.5% mismatch between the bulk lat-
characteristics of AIN? tice constants of SiC and GaN. Thus, this relaxation greatly
A major challenge for applications is the lack of a suitableaffects electronic properties such as band offsets.
lattice-matched substrate that allows pseudomorphic and Most theoretical investigations have focused on the cohe-
defect-free heteroepitaxial growth of GaN. The most comsive and electronic properties of bulk nitrides up to rfow®°
monly used substrate is sapphif&l ,O3) even though it whereas fewer publications have dealt with nitride hetero-
shows a huge 14%12%) lattice mismatch relative to GaN structures. Electronic structure calculations have been per-
(AIN). A range of alternatives such as Si, GaAs, InP, ZnOformed for short-period GaN/AIN superlattices in the
MgO, and MgAIl ,O, has been looked A% but the re-  wurtzite’*® as well as in the zinc blende® structure. In
sulting films still suffer from very high defect densities of the addition, valence-band offsets have been predicted for
order of 16° cm™2, which limits the lifetime of electronic pseudomorphic GaN/AIN, GaN/InN, and AIN/InN zinc
devices considerably. SiC seems to be one of the most pronblendé®3® and wurtzité® heterostructures. Little is yet
ising substrate materials at the present time since there iskamown, however, about the detailed microscopic atomic
relatively low lattice mismatch between SiC and GaNstructure of nitride-substrate interfaces such as GaN/SiC and
(=~ 3.5%), and especially AIN £ 0.5%. In addition, SiC  AIN/SiC and the corresponding band discontinuities. Semi-
and the nitrides exhibit very similar thermal expansion charempirical tight-binding calculations have predicted formation
acteristics and possess the same types of structural modificanergies for various nonpolar AIN/SiC interfad8sinrecon-
tions, namely, cubic zinc blende and hexagonal wurtzitestructed hexagonal GaN/Si@O01]) interfaces!* and for re-
structures. Epitaxial growth has been studied both on theonstructed polar GaN/Si{@01) interfaces'” The latter pa-
cubic I phaseB-SiC (Refs. 12-1Y and the hexagonal per focused on reconstructegSiC surfaces with a GaN
6H-SiC18-22 Whereas the wurtzite structure is the equilib- coverage of a few monolayers. The only first-principles stud-
rium bulk phase of the nitrides, their zinc blende phase is ofes we are aware of have studied the stability and band off-
considerable interest as well. It forms during growth onto thesets of the nonpolar AIN/SiC zinc blend&10] interface’®
(001) surface of cubic SiC substratés!’and is expected to and total energies ¢gD001-oriented GaNRef. 44 and AIN
have superior electrical propertie’ (Ref. 45 films on a hexagonal SiC substrate.
In this paper, we preseab initio local-density-functional A characteristic of SiC and nitride heterostructures is the
calculations of formation enthalpies and band discontinuitiesignificant amount of strain that adds to the complications

0163-1829/97/5@.1)/6911(10)/$10.00 56 6911 © 1997 The American Physical Society



6912 M. STADELE, J. A. MAJEWSKI, AND P. VOGL 56

NA [001] Ga Ga Ga Ga Ga [001] a
[001] Gﬁ‘éﬁ ¥ Sa WANANS (a)
YY Y IN\ /N\ IN \ /N\
S" QS_I ‘S" ‘S . Si\ Ga\ /Si\ Ga\ si
| 1 | |
\/\C/\/ C/ c C/ C/
Tomh NN 7 INYYN A
Si Si Si Si 80 85 ] —
) ) [Si,Ga] 80 85
FIG. 1. Schematic view and averaged valence electron density [001]
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face with Si-N donor bondénarked by thicker lings n is normal- \Ga/ Ga \Ga/ \Ga/
ized to the number of electrons in the bulk unit cell. / \/ AN / \ / \
\ l \ / \ / \ /

brought about by the polar nature of the interfaces. In most
of the semiconductor heterostructure interfaces that were / \/ \/ \/\

studied theoretically so far, strain played a negligible role, [C N] 80 85
e.g., in Ge/GaA4®~>! ZnSe/GaAg 8> znSe/G€"*8 and ’ ' '
SifGaP(Ref. 5] heterostructures. A noticeable exception are FIG. 2. Schematic views and averaged valence electron densi-
the strained and reconstructed polar Si/GaAs interfaces that

fies n of the reconstructed GaN/Si)) interfaces with(a) one
have 'been analyzed b initio studies in Refs. 51 and 53. é'nixed [Si,Gdl and (b) one mixed[C,N] layer. Thicker and thinner

anes mark donor and acceptor bonds, respectlvlelys normalized
to the number of electrons in the bulk unit cell.

n

the types of reconstructed interfaces that we have studie
and briefly define the basic quantities of interest, namely,
formation enthalpies and band offsets. In Sec. Ill, we de- Interf ith | mixed atomic | h
scribe the computational schemes employed and give some nierfaces with several mixed atomic ‘ayers have even
numerical details. The main results and predictions are pre maller dipole moments and are able to distribute the donor

sented and discussed both quantitatively as well as quallta?nd acceptor bonds more evenly across several layers, which
tively in Sec. IV. Section V gives a brief summary. can be energetically more favorable. In this paper, we have

studied interface reconstructions both with one as well as
with two mixed atomic layers. Indeed, experimental evi-

Il. CHARACTERISTICS OF RECONSTRUCTED dence for 6H-AIN/SIC interface reconstructions with only

INTERFACES one mixed layer was presented recently by Pagical >°-°’
A. Interface types with a single mixed layer Similar types of reconstructions were also found in early
Abrupt, pseudomorphi¢001] interfaces between cubic ztjabgstirsagSGaN growth on SiQRef. 59 and GaAs(Ref. 59

SiC and GaN(AIN) consist of two adjacent monoatomic
layers. At such an abrupt interface, every chemical tetrahe-
dral bond is a nonsaturatédr “wrong” >*) bond with either
more (termed “donor bond’) or less (termed ‘“acceptor
bond”) than two electrons, creating a macroscopically
charged donor or acceptor interface. This is illustrated in Fig
1, which depicts schematically an abrupt Si-N donor inter-
face with a Iopahz_ed pileup of the electronlp charge. This -+ C-S-CS, Cy Ty Ny ]-N-g-N- - -. (1)

and the following figures also show electronic valence den- s ¢vte T

sities n that are macroscopically averaged according to EqHere, the atomic layers parallel to tf@01) plane have been

(7) and are results of the presea initio calculations that denoted by lowercase letters in order to be able to discuss all
will be discussed in detail in the subsequent sections. Natupossible interface combinations together. Adjacent atomic
rally, such a highly charged interface is energeticallylayers denoted bg-s represeneither the sequence C-Si or
unstabl@®2447:48.51.59nd reconstructs in such a manner as toSi-C. Similarly, the adjacent layersg stand foreitherN-Ga
become neutral on the average, i.e., to contain as many donor Ga-N. Note that the atomic layers next to the mixed in-
as acceptor bonds. The simplest way to achieve this type derface layer are on one siddi.e., C or Sj andn (i.e., N or
charge compensation in a don@cceptoy interface is to  Ga on the opposite side, respectively.

replace every other group ¥group Ill) atom by a group IV In general, a compensated interface with one mixed layer
atom or, equivalently, every other group IV atom by a groupmay contain all four types of atoms Si, C, Ga, and N with
[l (group V) atom at the interface. The resulting interfacescorresponding concentratiorsg;, Xc, Xga, andxy that obey
contain an atomic layer with two chemical constituents thathe conditionxg;+ Xc+ Xgat+ Xy= 1. Many of these combina-

is sandwiched in between two monoatomic layers, as detions are energetically unfavorable and physically implau-
picted schematically in Figs.(@ and 2Zb). These figures sible, however. Highly unsaturated or oversaturated IlI-11l or
also show that the electronic charge distribution near thid/-V bonds are unlikely to form, as has already been pointed
interface is significantly smoother and more delocalized thamut previously for alloy systemeé’ %1 Therefore, we exclude

in the abrupt case. Ga-Ga or N-N bonds and requixg = 0. Similarly, we re-

Henceforth, we will focus on pseudomorph[©01]-
oriented, intermixed, and reconstructed interfaces between
zinc blende SiC substrate argstrained zinc blende GaN.
The most general atomic layer sequence perpendicular to
such an interface with aingle mixed interface layer can be
written in the form(the mixed layer is indicated by brackgts
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same arguments as before, we restrict our focus on interfaces
where(i) each of the two mixed layers contains exactly two
kinds of atoms andii) there are no common atoms in any
two adjacent layers. Using the same shorthand notation as

<

c(2x2) 2x1 before[(c,s)=(C,Si or (Si,0), (n,g)=(N,Ga or (Ga,N],
these conditions lead to the following sequence of atomic
layers:
[010]
-+ C-8-C-[ Sy 91 —x J-[Cx N1-x ]-9-N-Q- - . 3
[100] 1x2 Charge compensation requires the numbersof nonsat-

urated bonds to equal the numbercefj nonsaturated bonds.
FIG. 3. Positions of the atoms in the single mix@®1) inter-  The s-n bonds occur only in between the two mixed layers

face layer forc(2x2), 2X1, and 1X 2 lateral reconstructions. and therefore have a concentration xa{1—x;). On the

other hand, thes-g bonds occur not only between the two
quirex.; = 0, thereby excluding all pure cation-catit®i-S)  mixed layers with a concentration &f(1—x,), but also in
and anion-anior(C-C) bonds. The remaining-n and c-g between each mixed interface layer and its adjacent bulk
nonsaturated bonds act as donor and accejatoacceptor layer with concentration 4 x5 andx., respectively. By set-
and donoy and must occur in pairs in order to guaranteeting the sum of these concentrations equal to the concentra-
charge compensation, which leads to the conditiontion of the s-n bonds, one is finally led to the condition
Xs=Xg=0.5. In total, this gives four possible types of inter- x,—x.=0.5 for a charge compensated interface.
faces that can be labeled by the two types of atoms in the This condition puts a constraint on the structure of the

interface layer as follows: lateral unit cell. LetN; be the number of atoms of species
) ) and N, the total number of atoms in the lateral unit cell.
[C.GY: - - SI-C-Si{ Co Gy s]-N-Ga-N- - -, Since x;=N;/N,_, charge compensation requirdé, /2=
i i i Ns—N.. The smallest natural numbers that fulfill this rela-
[SIN]:- - C-Si-C{Sip Nos]-Ga-N-Ga - -, tion areN; =4, Ng=3, andN,=1, which implies a concen-
) ) ) tration ratio of 3:1 for the two types of atoms in each of the
[Si,.G4: - - - C-SI-C{Sip sGap 5]-N-Ga-N- - -, two mixed layers. There are four such arrangements possible,
) . that we label byca, ac, ca’, andac’, respectively. The
[CN]:- - - Si-C-Si{Co No 5]-Ga-N-Ga - - (2 structureca contains cation-type atomSi and Ga in the

h f1h interf ) first layer and anion-type atoms in the second while the situ-
Note that none of theses,g] interfaces contains nonsat- ation is reversed for the second structa@ The structures
urated s-g bonds. Instead, there are 50% saturated b“”%\re given by

bonds, 25% nonsaturatectg and 25% nonsaturateg-n
bonds. Schematic views of ti&i,Ga and[C,N] interfaces ca: - - - C-Si-C{Siy 7658 »-[CoNo 7-Ga-N-Ga - -,
are depicted in Figs.(3) and 2b). ’ ’ : :

In the construction of eadrs,g] interface, one additional ac:- - - Si-C-Si{Cy 7N 2 Sio 4G 7-N-Ga-N- - -.

degree of freedom remains, namely, the pattern formed by (4)
the atoms within the mixed layer. We have studied theoreti-
cally three different arrangementshown in Fig. 3 that are The remaining two sequences’ andac’ are obtained

compatible with charge compensatiorc@X 2) reconstruc-  y swapping the atoms SiC. A schematic side view of the
tion, where every atom of one type is surrounded by fouligyer sequences, E¢), and their average electron densities
atoms of the other type, and<2l and Ix2 reconstructions, js'shown in Fig. 4. We note that the total charge distributions
where every atom has two like and two unlike neighborsacross any of these interfaces possess a small but nonvanish-

These types of reconstructions are not the only conceivablg,y ginole moment as can be seen from the slight asymmetry
ones but they are the simplest and most common structures

In fact, recently similar types of reconstructions have beedﬂrgézc))ultn t:)hISeflglL:rrw ?).s:-?r?en;?\?nn:ltjcieaﬁggf dipole moment
gjf dntggaifgggggnggga%ra:[AISI\'g%'R?f agg Sr?(;\l(ggfs. /Zi We have not yet completely specified the arrangement of
(Ref. 63 interfaces. the atoms within the lateral unit cell. With, = 4, it may be

The laterally averaged valence electron densities para"eqrranged ina X2 ora 4x1 reconstruction pattem. In the

to the interface plane are, to an excellent degree of approxF—Ubsequent section, we will show that there are very good

mation, independent of the lateral reconstruction. Thereford £350NS to expect homogeneous and isotropic types of charge

it is unnecessary to specify the type of lateral reconstructiori&aengﬁ?;?gft;g't:vsmzceurg:ﬂce!futdoiebde L?:i?rg;?sc?/:/li)t/hf%‘\cl)zrr-
in the previous Figs. @) and Zb). ) ' y

atoms per layer and22-type reconstructions. Symmetry
allows two types of X 2 arrangements, one containing four
[termed 2<2(4)] and the second one containing fitermed
The number of possibilities to form interfaces witho ~ 2X2(5)] donor and acceptor bonds per lateral unit cell.
adjacent mixed atomic layers is obviously even larger tharThese two types of structures are depicted in Fig. 5. Since
for the previously discussed case. However, following thethe laterally averaged valence electron densities are virtually

B. Interface types with two mixed layers



6914 M. STADELE, J. A. MAJEWSKI, AND P. VOGL 56

1 .
G{"\G AN ca [001] (a) 5HintZM(Etsc;Jtp_ MeanEgr | a|l— nSiCEtSoltC[all])- 5
\c/ \N/ \N/ \N/ < “ .
SNININS, Here, Ex"=E{a)) is the ground-state energy of the super-
NN _ cell with mg,y and ngic chemical units of GaN and SiC,
IAYAAYAYAN n . . . e
sososos s S—E respectively. The total energy of this supercell is minimized
with respect to all electronic and ionic degrees of freedom,
AR SRR [oo1] (b) with the only constraint of the lateral lattice constant being
NN AN held fixed ata|. Apart from this constraint, all atomic posi-
C/S'\C/G"\Nﬁ“\cf“\c tions in the unit cell as well as the lattice constant of the
NN N supercell in the growth direction are optimized. As indicated
SN YR ] by the factor 1/2 in Eq(5), this expression actually refers to
80 85 the averageformation enthalpy of both interfaces in the su-

percell. However, fof001] reconstructed interfaces that are
__FIG. 4. Schematic views and averaged valence electron densityf interest in this work, one can always find supercells where
n of the (a) ca and (b) ac GaN/SiC interface with two mixed both interfaces are identical. In the case of the 12 and
layers. Thicker and thinner lines mark donor and acceptor bondsl X 2 reconstructions, this requires an enlargement of the lat-
respectivelyn is normalized to the number of electrons in the bulk eral area of the supercell by a factor of 2.
unit cell. The valence-band offs&E,, at an interface between two
semiconductors can be conveniently split up into two t&fms

identical for the 2<2(4) and 2x 2(5) reconstructions, Fig. 4 —

displays only the former situation. AEy=AV+AEgs, (6)
In this paper, we focus opseudomorphicallgrown GaN

films on an unstrained SiC substrate. Consequently, the n

tride films are biaxially strained with a lateral strain tensor

element given byag,/a -1, and the lateral lattice constant &/(2) of the electrostati tential at distarzér

aj=agc equals the bulk lattice constant @-SiC. In our averag (2) of the elec rostatic potential at distancerom

calculations, we have modeled all heterostructures b)}he interface can be defined by

stoichiometric superlattices containing an integer number of 1

SiC and nitride bulk units, respectively. In this way, the V(z)= fdxdyf dz' dZ'WeaNz2— 2" )Wsi(Z' — Z")

physical quantities of interest, such as formation enthalpies Acel

whereAV is the asymptotic difference between the laterally
5nd vertically averaged electrostafldartree plus ionitpo-
tential V(r) in the superlattice far from the interface. This

and valence-band offsef¥BO) can be determined straight- XV(X,y,2")
forwardly. R
(2) ! O (dpui—|2)) )
Wou2) = 55— —12]).
C. Formation enthalpies and valence-band offsets bulk 2dpuik pulk

The relative stability ofpX q reconstructed interfaces can Here, A is the lateral unit cell area in they plane, ®
be assessed by computing the formation enthalpiés, of  denotes the unit step function, adgl, is the[001] distance
corresponding superlattices at zero temperature, between atomic layers within thestrained bulk materials
(GaN, SiQ far from the interface. We have used an expres-
sion analogous to Eq7) for the macroscopically averaged

electron densityn(z) in Figs. 1, 2, and 4. We note that the
present results do not depend sensitively on the detailed
choice of the weighting functiomwy,, that averages out all
short-range contributions to the potential. By integrating the
Poisson equation across the interface and noting that the
macroscopic electric field is zero deep inside the bulk mate-

2x2(5) ca structure  [o01] [10] rials, it follows thatAV equals 4rep, wherep is the dipole
[110] moment(per unit arepof the macroscopically averaged elec-

tronic and ionic charge density across the interface. It is

nonzero due to the rearrangement of charge near the inter-

face relative to the two bulk crystals and thus depends on the

detailed interface geometry.

The second term in Eq6), AEgs=E,(SIC)-E,(GaN), is

the difference between the eigenvalues of the top of the va-

lence band in the two bulk materials, measured with respect

to the average electrostatic potenfiél(that is arbitrary and

FIG. 5. Schematic view of lateral arrangements of atoms in thgnay be set to zero for a bulk solid\Egsiis, by definition, a

two mixed layers at the reconstructé 2x 2(5) and(b) 2Xx 2(4) bulk property of the two constituent solids, and can be ob-
ca interfaces of GaN/Si@01). tained from standard bulk band-structure calculations for SiC

2x2(4) ca structure
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and strained GaN, respectively. The spin-orbit coupling in- TABLE I. Calculated lattice constangsandc in A, dimension-
fluencesAEgg and consequently the band offsets by lesgess hexagonal cell-internal structural paramatgr(that equals 3/8

than 0.01 eV in the presently studied systems. Relativistidor ideal tetrahedral coordinatipand bulk modulus, in Mbar of
effects have therefore been neglected. wurtzite and zinc blende structure compounds. Known experimental

values are given beneath the calculated values.

Ill. COMPUTATIONAL DETAILS

a c By

The present calculations are based on the first-principles Compound A) A (Mbar) Uyz
total-energy pseudopotential method within the local- )
density-functional formalisniLDA).% The LDA was imple- ~ G2N (wurtzite) 3182 5171 2.01 03772
mented using the Ceperley-Al§&relectron-gas exchange- _ 3.18¢ 5188 188-248 0377
correlation energy, as parametrized by Perdew and Zuiger.GaN (zinc blende  4.497 1.96
The Kohn-Sham equations have been solved self- 4.52
consistently, employing a preconditioned conjugate gradienfIN (zinc blende  4.350 1.99
algorithm® and minimizing the total energy with respect to 4.3¢
the electronic densityand to the ionic coordinates. The SiC (zinc blende 4.329 2.23
electron-ion interaction was modeled by norm-conserving, 4.36" 2.24

fully separable ionic pseudopotentials according to the

method of Troullier and Martin&’ :Reference 1.
Pseudopotential calculations for nitrides are very demandC-Re“ere”Ce 25.

ing computationally since carbon and nitrogen have no corth'Eferelnce 80.

p states and consequently possess strongly locapizeite  Reference 77.

pseudo wave functions requiring large kinetic energy cutoffs.

Additionally, the 3 states of Ga overlap with the Np2and The important outcome of these bulk calculations is that

even 3 wave functions in the solid GaN. Indeed, it was the cohesive properties of GaN can be very accurately repro-

pointed out recently that total energy calculations with fro-duced by treating thedBelectrons as rigid core states, pro-

zen Ga 3 states can lead to considerable errors in the coheyided the exchange-correlation energy accounts for the total

sive properties of GaRP Fortunately, we found that a fully electronic density rather than the valence density only. In

dynamic treatment of the Gad3tates is unnecessary in GaN fact, by treating the Gadelectrons as valence states with a

and the related compounds, as will be shown in the followingnetic energy cutoff of 250 Ry, we have found the lattice

section. constant to change by only a small amoginbm 4.497 to
. ) . 4.528 A), in contrast to the pessimistic conclusions of Ref.
A. Choice of pseudopotentials—bulk calculations 25,

In order to determine transferable soft Troullier-Martins-
type pseudopotentials that are suitable for interface calcula-
tions, we have first determined the lattice constants, internal B. Choice of supercells
strain parameters and bulk moduli of bulk zinc blende and  The numbers of SiC and GaN bulk monolayarand m,

wurtzite GaN, AIN, and SiC. The pseudopotentials ha\./erespectively, need to be sufficiently large to suppress the

ble%n dgenerallted with rleutral/atgm|c_trc]:cirr]1f|§}/u_ra1tlons and iNfyreraction between the two interfaces of the supercell. For
cluged angular momenta up £0=<, wi €/ =1 COMPO- iierfaces with one mixed layer, the supercell contains

nent acting as local potential. The semicore @GaeBectrons n+m+2 layers since there are two interfaces in the super-

have been treated as part of the frozen core, but theiroverla&a Il The total number of atoms in the unit cell depends on
with the valence electrons is accounted for by including the €ll. The total number ot atoms € unit cell depends o

nonlinear core correctidf in the exchange-correlation po- € lateral reconstruction. For X q reconstruction, it is
tential and energy. In fact, we have applied this concept to a@iVen by 1+ m+2)Xpxq, where thec(2x2) corresponds
atoms in the present calculations. For the Ga, Al, and Si0 P=0= 2. Analogously, interfaces with two mixed layers
atoms, well established pseudopotential cutoff fadiin  lead to fi+m+4)Xpxq atoms in the supercell.

units of the Bohr radiuswere usedr¢=r,=2.50,r 4= 2.80 In the present calculations, we have useem=3, 5, or 7

for Ga; rg=r,=2.10,r4=2.40 for Al, andrs=r,=rq=2.10 for interfaces with a single mixed layer amd=3 andm=5

for Si. For C and N, cutoff radii between 1.25 and 2.70 havefor the interfaces with two mixed layers, respectively. We
been tested and found to change the structural parameters mdte that the choicea=7 already exceeds the critical thick-
GaN, AIN, and SiC very little up ta ,=2.00. Finally, we ness of GaN on SiC substrdte.

have used¢ = ry =r§ = 1.90, and'{ = r} = r§ = 2.00. Our initial atomic configuration—that we will refer to as
These pseudopotentials require a kinetic energy cutoff ofinrelaxed—is based dfealculated bulk lattice constants of
only 32 Ry to yield well converged cohesive properties. TheSiC and biaxially strained GaN for all monoatomi@01)
values in Table | have been obtained with 63 Ry but thidayers. For the distance between a mixed interface layer and
higher cutoff alters total energies by less than 0.1 eV/atoman adjacent bulk layer, we use a layer separation that corre-
and lattice constants by less than 0.005 A. idpace inte- sponds to the latter bulk material. Two mixed interface lay-
grations for the total energy were performed with 10 and 14ers are separated by the arithmetic average of the SiC and
specialk points>3for the zinc blende and wurtzite struc- strained GaN bulk layer distances. Laterally, all atoms are
ture, respectively. put on zinc blende lattice positions.
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C. Convergence tests (a) [Si,Ga] interface  (b) [C,N] interface
Starting from this configuration, we have minimized the
total energy with respect to the atomic positions in the unit
cell. All Hellmann-Feynman forces and the stress tensor
component in the growth direction have been required to be
smaller than 0.02 and 0.002 eV &, respectively. Since the
reconstruction of the interface decreases its symmetry, the

) . —[100] — [100]
atoms relax both laterally away from the zinc blende posi- @ ®
tions as well as along the growth direction. It turns out that A [001] ,@\ - ,@\
the nonuniform relaxation of atoms near the interface has a ©

dramatic effect on the interface’s formation enthalpy and
VBO, as will be discussed in Sec. IV, whereas a uniform

stretching of thg super(_:ell Igngth is much less important. FIG. 6. Projections of the atomic positions in the mixed inter-
All k-space integrations in the supercell have been pefr,ce ayer and the two adjacent monolayers ont®@d) (upper

formed on consisterk-point meshe® that are equivalent to pane) and a(010) (lower panel plane for a(a) [Si,Gd type and(b)

10 Monkhorst-Pack points for a bulk zinc blende structure. [C,N] type GaN/SiQ002) interface withc(2x 2) lateral reconstruc-

Denser meshed 9 pointg changed the formation enthalpies tion. Atoms in different(001) layers are shaded differently and

by less than 0.001 eV and the VBO by less than 0.05 eVdotted circles represent unrelaxed atomic positions. In order to em-

Similarly, we have found these quantities to change by lesghasize the effects of relaxation, the distances between relaxed and

than 0.02 eV when the number of plane waves is increasednrelaxed positions have been rescaled by a factor of five.

by using a kinetic energy cutoff of 100 Ry.
The convergence 0fH;y with increasing interface sepa- unstable withéH;,;=4.47 and 5.08 eV, in contrast to the

rationn has been checked for all relaxe? X 2) interfaces : : . o
by calculating superlattices with,m=3, 5, and 7. The en- E?s’r?e?]:tﬁ/r;?y[c"\u interfaces withdHi,=0.28 and 0.17 eV,

thalpies change by less than 0.05 eV fram=m=3 to These findings can easily be understood qualitatively in

n=m=7, in spite of the fact thah=>5 supercells have a erms of empirical covalent radii., and covalent bond
different symmetry than the others. This indicates an acceptt- AB P cov

ably small interface-interface interaction. Due to the ex_ler;gths deow=Tcovt I'cov Of nearest-neighbor atoma and
tended character of the top valence states and the high poldd-" Indeed, the covalent bond lengths of the “wrong
ity of the interfaces, the calculated band offsets arebonds”dg,°=2.03 A anddg;,'=1.87 A are close to those
unfortunately, less well converged and depend more sensf Si-C and Ga-N that equal 1.94 and 1.96 A, respectively.
tively onn. With n=m = 3, 5, and 7, we obtained valence- By contrast, the bond lengttd{;) = 1.47 A andd>'¢%=
band offsets of 1.4, 1.4, and 1.8 eV for f®,Gg and 0.2, 2.43 A deviate strongly from the lengths of the Si-C and
0.5, and 0.8 eV for theC,N] c(2X 2) interface, respectively. Ga-N backbonds. Consequently, the C-N and Si-Ga bonds
Fortunately, we find at least thifferencesetween the band are strongly stretched and compressed, respectively. Atomic
offsets of different structures to be practically identical for relaxation tends to diminish these discrepancies, but cannot
n=5 andn=7. Taking these convergence properties intoremove the huge misfits in bond lengths completely since
account, we consistently employed supercells withm="5 any deformations of the surrounding backbonds in the inter-
and n=5, m=3 for the total energy studies of GaN/SiC face structure cost too much energy. Accordingly, we find
interfaces with one and two mixed layers, respectively. Allthe interface formation enthalpies for th®i,N] and[C,G4d|
table entries presented below for GaN/SiC interfaces havimterfaces to remain large and of the order of 2 eV even after
been obtained with these geometries. For the accurate préill lattice relaxation. Thus, we predict that the two latter
diction of the GaN/SiC and AIN/SiC band offsets as well astypes of interfaces do not form. The same arguments also
for the determination of the cohesive properties of the AIN/justify a posteriorithe exclusion of interfaces with C-C and
SiC interfaces, we used the maximum number of atomic laySi-Sj bonds, sincel$;C=1.54 A anddSiS'=2.34 A is again
ers that we were able to handle computationally, namelyfar away from the bulk bond lengths. We note that similar
n=m=7. conclusions were reached in recent calculations of thin GaN
films on a 6H SiC substraf¥.
We now turn to the effects of lattice relaxation. Figure 6
IV. RESULTS AND DISCUSSION depicts the atomic positions near the fully relaxd@ x 2)

[Si,G4d and[C,N] interfaces between SiC and GaN. The re-
laxation changes the bond lengths between the atoms in the

First, we have calculated the formation enthalpiesiiof  interface layer and the surrounding layers by as much as 0.1
relaxed GaN/SiG001) interfaces containing a single mixed A. The predominant effect of lattice relaxation is easy to
atomic layer and &(2x 2) lateral unit cell. All these forma- understand: the C and N atoms move towards the Si atoms
tion enthalpies turn out to be positive, indicating the meta-and away from the bigger Ga atoms. In the case of the
stability of the underlying structures. However, the calcula{Si,G4 interface, this implies a predominantly lateral relax-
tions reveal striking differences between the interfacestion of the C and N atoms next to the interface that tends to
depicted symbolically in Eg2). The[Si,N] and[C,Gd in-  compress the Si-N and Si-C bonds and to stretch the N-Ga
terfaces with C-N and Si-Ga nonsaturated bonds are highlgnd Ga-C bonds at the same time. The interface at@ns

Gal

[190]

A. Stability and lattice relaxation of GaN/SiC(00)) interfaces
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distance from [Si,Ga] interface [ML] TABLE II. Calcylated formation enthalpiegin eV) and
200 v (a) = valence-band_ offset(an evV) c_)f 2X2 n_aconstructed and fully re-
. sic i s laxed GaN/SiC interfaces with two mixed monolayers. A positive
O v ¥ 1% band offset indicates an energetically higher valence-band maxi-
191 . i v 1§ mum in SiC. Values in brackets refer to unrelaxed structures.
—a & A H 2
: R GaN 2
1.8} TR W iol L |_'8 2X2(4) 2X2(5)
Si C si C §aNGaNGa ca ac ca ac
SHing 0.23 0.24 0.38 0.37
|ASi'C oGa-C oSi-N vGa-N | (0.36 (0.39 (0.53 (0.52
distance from [C,N] interface [ML] AEy 0.8 0.8 0.8 0.9
2.0f T (b) 1= (0.5 0.6 05 0.6
L sic |, I
19 4 4, i Tvov ] § An important finding is the lateral(2x< 2) reconstruction
éi GaN |z to be systematically more stable than th& 2 and Ix2
180, i 18 ones. This result is indicative of another important selection

rule for the type of relaxed interfaces that are likely to form
in real systems and may be understood in terms of the fol-
lowing simple electrostatic arguments, similar to those de-
FIG. 7. Bond lengthgin A) near the GaN/Si(0Y) interface as veloped by Kley and Neugebad&for the ZnSe/GaAs sys-
a function of the distance from the interface. The type of mixediem. Systems that possess nonsaturated bonds are known to
interface layer isa) [Si,G4 and (b) [C,N] ¢(2x2). Symmetry al-  show a significant amount of charge transfer from the donor
lows two different bond lengths between atoms belonging to certaifowards the acceptor bon?j’s?’z*g“"GOCIearly, the electrostatic
adjacent(002) layers. energy associated with this charge transfer increases in pro-
and N in the [C,N] interface, on the other hand, relax pre- portion to the separation between the positively and nega-
dominantly vertically towards the neighboring Si layer andiVe!Y charged bonds. Consequently, a lateral reconstruction
away from the opposite Ga layer. Figure 7 shows that therd'at distributes the nonsaturated bonds in a homogeneous
are also long-range distortions associated with the lattice ré'anner across the unit cell is energetically more favorable
laxation. Even four monolayers away from the interface, thesince it leads to smaller average distances between donor and
two structurally not equivalent bonds still differ by 0.02 A acceptor _bonds. . .
from each other. Similar relaxation effects have been ob- As a simple measure of this homogeneity, one may use
served for all investigated interface structures. the ratioN,,,=(Zin;)/Nys, where the sum runs over ail,
Tables Il and I1l summarize our numerical results for for- Nonsaturated bonds in the system ands the number of
mation enthalpies of the physically relevant interface struchonsaturated bonds that are nearest neighbors of ibdrfee
tures for GaN/SiC. It is evident that the atomic relaxationindexwr stands for “wrong bonds.” In a tetrahedral lattice,
reducessH,,,, significantly. In fact, it even alters the relative each bond possesses six nearest-neighbor bonds, 94 that
stability of various structures. Whereas th&,N] mixed cannot exceed six. In additioN,,, cannot be lower than one
layer is energetically favored in th@nrealistio unrelaxed in a charge compensated interface with a single mixed layer.
configuration, the fully relaxefiSi,Gd| interface has a lower For the c(2Xx2), 2X1, and 1X2 reconstruction patterns
energy than th¢C,N] one. shown in Fig. 3, we findN,,,=1.0, 1.5, and 1.5, respectively.
Thus, thec(2X 2) structure is the optimal bond arrangement
from an electrostatic point of view.
These electrostatic arguments explain qualitatively the

c&c&ﬁ%nmn

TABLE II. Calculated interface formation enthalpié#l;,, (in
eV) of ¢c(2X2), 2X1, and 1x2 reconstructed and fully relaxed

interface structures with a single mixed interface layer containin aior trends in the calculated formation enthalbies of inter
an equal concentration of two types of atoms specified in the firszg ! P

column. Values in brackets refer to unrelaxed structures. The firstAc€ structures that differ only in their lateral atomic arrange-
four rows refer to GaN/Si@01) and the last four rows to AIN/ Ment (cf. Table I). The ¢(2X2) structures are the most

SiC(00Y) interfaces, respectively. stable ones, and theX2l and 1X 2 patterns are energetically
degenerate. Table Il shows that even the formation enthalp-
Interface ies of the[Si,Ga and[C,N] interfaces with 21 and 1x 2
atoms c(2x2) %1 1X2 reconstructions are very close to each other, even though
these structures do have different interface atoms but can be
[Si,G4d 0.04 0.14 0.15 transformed into each other by swapping cations and anions
(0.28 (0.38 (0.38 and possess the same number of unsaturated bonds. In this
[C.N] 0.08 0.16 0.16 case, electrostatic arguments still seem to be applicable.
(0.17) (0.27) (0.27) The formation enthalpiedH,, of the reconstructed inter-
faces with two mixed layers, given in Table I, turn out to
[Si,Al] 0.34 be systematically higher than those with one mixed layer.
(0.46 The 2% 2(4) lateral reconstruction contains less nonsaturated
[C.N] 0.36 bonds than the 2 2(5) pattern. Thus, the former structure is
(0.43 chemically more favorable. In addition, it possesses a more

homogeneous distribution of the nonsaturated bonds. We
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TABLE IV. Calculated valence-band offsetsEy (in eV) of  the large lattice relaxation. It leads to longer range contribu-

c(2x2), 2x1, and X2 reconstructed and fully relaxed interface ions toV_(z) which causes the VBO's to be more sensitive
structures with a single mixed interface layer containing an equal0 the stoichiometric composition of the interface. Accord-

concentration of two types of atoms specified in the first column. A. . . .
positive sign indicates an energetically higher valence-band maxi!—ngly' the VBO associated with thkSi,Gg and the[C,N]

mum in SiC. Values in brackets refer to unrelaxed structures. Thépterfaces differ _by as much as 1 eV, in spite of their forma-
first four rows refer to GaN/Si@01) and the last four rows to tion enthalpy being almost the sarteee Tables Il and IV

AIN/SIC(001) interfaces, respectively. The band offsets of all 2 reconstructed interfaces
(Table Iy with two mixed layers are, to a good approxima-
Interface tion, degenerate and lie in the middle between the two offset
atoms c(2x2) 2x1 1x2 groups given by the heterostructures with a single mixed
. atomic layer.
[S.G4 111 1lf 11'03 According to Eq(6), the VBO can be split up into a bulk
[CN] (0:5) (0'; (d.i f:ontribution that is the same f_or all GaN/S_iC or AIN/_SiC
’ (—0.4) (—0.4) (—0.4) interfaces, and a term proportional to the interface dipole
' ' ' moment. We find the bulk term to equal 2.93 and 3.32 eV for
. GaN/SiC and AIN/SIC, respectively. Thus, the charge redis-
[Si,Al] 2.4 N . . T
2.4 tribution at the polar interfaces reduces this contribution by
[CN] 15 more than a factor of two.
(0.7)

C. Stability and valence-band offsets

f AIN/SiC(002) interf
find N,,, to equal 1.0 for the X 2(4) and 2.1 for the X 2(5) © IC(00]) Interfaces

structures, respectively. According to the electrostatic argu- Tables Il and IV also contain the results of formation
ments given above, one may expect a near degeneracy of tegthalpies and band offsets fof2x2) reconstructed AIN/
ca andac mono]ayer sequences since they differ 0n|y by aSIC interfaces. Compared to GaN/SiC, the lattice mismatch

cation-anion swap(see Fig. 4, and the numerical results iS considerably smaller and amounts to ori¥).5%. In ad-
confirm this picture indeed. dition, the “chemical” mismatch between the atoms in the

interface (Si-Al versus Si-Ga is less pronounced. Conse-
) ) quently, the relaxed bond lengths at the interface are much
B. Valence-band offsets of GaN/Si(0]) interfaces closer to each other than in the GaN/SiC case. For example,
In Table 1V, the calculated valence-band offsets for strucwe obtain 1.83, 1.93, 1.85, and 1.92 A for the Si-C, Al-N,
tures with one mixed monolayer are given. All VBO's of the Si-N, and AI-C bonds, respectively, at th€,N] c(2X2)
relaxed structures are positive, indicating that the topmosnterface.
valence state lies energetically higher in SiC than in any of Remarkably, we find the formation enthalpies of the AIN/
the nitride compounds discussed in this paper. SiC interfaces to be about five timbigyherthan those of the
In the unrelaxed superlattices, the VBO'’s converge rap<orresponding GaN/SiC interfaces. The reason lies in the
idly with the number of bulk layers between the interfaces.relative stability of the zinc blende and wurtzite phases of
For these structures, already two monolayers away from thAIN and GaN. Whereas the hexagonal bulk phase of GaN is
interface the averaged potentisl reaches its asymptotic ONly slightly more stable than the cubic phase, we find the

bulk value. This is similar to findings for previously studied total energy difference between these phases to be more than
interfaces*52%4 With fully relaxed atomic positions, how- tWice as large in AN, namely, 28.9 meV/atom compared to

10.2 meV/atom in GaN. Thus, the pseudomorphic growth of

ever, the plateaus iN(z) several layers away from the in- éA_\IN on a cubic substrate is energetically less favorable, in

terface are less flat, as depicted in Fig. 8. This is a conse-_. :
c§rp|te of the lower strain.

guence of the significant charge transfer between the don ! . , .
; : - The chemical trends in the VBO’s of AIN/SIC hetero-
and acceptor bonds in the interface layer that is induced bgtructures are similar to those in the GaN/SiC system. In

particular, the VBO of th¢C,N] interface is smaller than that
T N of the [Si,Al] interface whereas the formation enthalpies are
CSiCSijyGaNGaNGaNGaSi CSiC almost identical. All band offsets calculated in this paper,
B [C,N] | including the discontinuities in the conduction bands, are
summarized in Fig. 9. The nitride energy gaps represent
computedGW-corrected LDA energy gags,and the SiC
gap equals the experimental vallfeSince the precise VBO
25 ¢ si c%? NGa NGaN Ga N%?c Si C Si values depend on the detailed type and structure of the inter-
e face, these heterostructures can only be characterized by a
z range of VBQO's rather than by a single number. This is in-
dicated by the shaded energy ranges in the figure. In spite of
FIG. 8. Macroscopically averaged electrostatic poterat)  these uncertainties, the present calculations predict that the
(in eV) in a supercell that models [&i,Gq type and[C,N] type  AIN/SIC(001) and GaN/Si@01) heterostructures are of
GaN/SiG001) interface with one mixed layer. type | and I, respectively.

V(2) [eV]
(=]
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dipole moment that accounts for a significant portion of the
total VBO, as discussed above. Such a clear relation between
VBO'’s and growth conditions has been recently observed
experimentally for polar ZnSe/Gaf31), ZnSe/G¢00Y),

and Ge/GaA®01) heterostructure¥ 48

V. CONCLUSIONS

" AIN SiC GaN We have presentedb initio studies of the stability of
various reconstructed polar GaN/$001) and AIN/SiG001)
interface geometries with one and two mixed layers at the
interface. The preferred bonding configurations at the inter-
faces have been found to be Si-N and GdAT-C). Our
calculations indicate that the interfaces with a single mixed
layer and with ac(2X2) lateral arrangement are the most
stable ones. The relative enthalpies of structures that differ
only in their lateral atomic arrangements can be understood
FIG. 9. Predicted band offsets betwegd01]-oriented, cubic ~qualitatively by simple electrostatic arguments. Our results
SiC substrate and pseudomorphic epitaxial GaN and AIN. Note thafidicate the atomic relaxation at the GaN/8)G1) and AIN/
the fundamental band gap of zinc blende AIN is indidam I' to ~ SiC(001) interfaces to play a crucial role in determining for-
X). mation enthalpies and band discontinuities. Our self-
consistent total-energy minimizations show that the
D. Comparison with experiment magnitude and direction of the atomic relaxations are quali-

To the best of our knowledge, no direct experimentaltatively in accord with the different covalent radii of the
measurements of the band offsets in cubic GaN/@D) cor_lrsgnuenlt altomj z\a/r;jo.?tegc archjlments.I he interf
and AIN/SiQ001) heterostructures have been performed up . e calculate S depen strgngy on t e_'_lnter ace
to now. Based on measurements of Schottky barrier height@Ip0Ie moment that reflects _the chemical composition of the
and AIN/GaN wurtzite band offsets, Wareg al.’® estimated interface, but are less sensitive to the type of lateral recon-

a VBO of 1.2 eV for GaN/SiC and of 1.85 eV for AIN/Sic. Struction. The GaN/Si@01) and AIN/SiG001) heterostruc-

These values seem to agree with our predictions, althougfyT®S are predicted to be of type Il and |, respectively, with

: : : : bsolute valence-band maximum lying in SiC. The cal-
the data disregarded any interface orientation effects. Thg‘e a L
VBO of 0.8 eV between wurtzite AIN and 6H SiC given by cglated VBO's lie in the range from 0.8 to 1..8 eV for GaN/
Benjaminet al.”® is not too far from our values either. SiC, and between 1.5 and 2.4 eV for AIN/SIC.

The strong dependence of the VBO on the structural de-
tails of the GaN/SiC and AIN/SiC interfaces suggests that the
VBO's in these systems may be dependent on the crystal This work was supported by the Deutsche Forschungsge-

growth conditions and vary significantly over a macroscopicmeinschaft and the Bayerische Forschungsverbund
sample. These variations reflect local changes in the interfadeOROPTO.

3| TSLAN

ACKNOWLEDGMENTS

1s. strite, M. E. Lin, and H. MorkgcThin Solid Films231, 197  '2J. G. Kim, A. C. Frenkel, H. Liu, and R. M. Park, Appl. Phys.

(1993. Lett. 65, 91 (1994).
2H. Morkog, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. *3J. Paisley, Z. Sitar, J. B. Posthill, and R. F. Davis, J. Vac. Sci.

Burns, J. Appl. Phys76, 1363(1994), and references therein. Technol. A7, 701(1989.
3M. Asif Khan, J. N. Kuznia, A. R. Bhatterai, and D. T. Olson, *H. Liu, C. Frenkel, J. G. Kim, and R. M. Park, J. Appl. Phyd,

Appl. Phys. Lett.62, 1786(1993. 6124(1993.
4S. Nakamura, Jpn. J. Appl. Phys., Par8® L74 (1996. 154, Okumura, S. Yoshida, and T. Okahisa, Appl. Phys. L&.
5M. Asif Khan, J. N. Kuznia, D. T. Olson, T. George, and W. T. 2997 (1994.

Pike, Appl. Phys. Lett63, 3470(1993. 16A. Barski, U. Ressner, J. L. Rouviere, and M. Arley, MRS Inter-
67. Sitar, M. J. Paisley, B. Yan, J. Ruan, J. W. Choyke, and R. F. net J. Nitride Semicond. Re, 21 (1996.

Davis, J. Vac. Sci. Technol. B, 316(1990. R, L. Headrick, S. Kycia, Y. K. Park, A. R. Woll, and J. D.
’S. Yoshida, S. Misawa, and S. Gonda, J. Vac. Sci. Techndl. B Brock, Phys. Rev. B4, 14 686(1996.

250(1983. 18|, pPetrov, E. Mojab, R. C. Powell, J. E. Greene, L. Hultman, and
8F. A. Ponce, J. S. Major, Jr., W. E. Plano, and D. F. Welch, Appl. J.-E. Sundgren, Appl. Phys. Le@0, 2491(1992.

Phys. Lett.65, 2302(1994). 195 Tanaka, R. S. Kern, and R. F. Davis, Appl. Phys. L&ft.37
9A. Salvador, G. Liu, W. Kim, O. Aktas, A. Botchkarev, and H. (1995.

Morkog, Appl. Phys. Lett67, 3322(1995. 203, Chauduri, R. Thokala, J. H. Edgar, and B. S. Sywe, J. Appl.
105, strite and H. Morkacl. Vac. Sci. Technol. B0, 1237(1992. Phys.77, 6263(1995.

IR, F. Davis, Physica B85 1 (1993. 21T, sasaki and T. Matsuoka, J. Appl. Phgig, 4531(1988.



6920

22C. Wetzel, D. Volm, B. K. Meyer, K. Pressel, S. Nilsson, E. N.
Mokhov, and P. G. Baranow, Appl. Phys. Le86, 1033(1994).
23W. A. Harrison, E. A. Kraut, J. R. Waldrop, and R. W. Grant,
Phys. Rev. B18, 4402(1978.

24R. M. Martin, J. Vac. Sci. Technol. B7, 978 (1980.

A F. Wright and J. S. Nelson, Phys. Rev5B, 2159(1994); see
there the references to older papers.

263. A. Majewski, M. Stdele, and P. Vogl, MRS Internet J. Nitride
Semicond. Resl, 30(1996.

27N. E. Christensen and I. Gorczyca, Phys. Rev(B4397(1994.

28K, Kim, W. R. L. Lambrecht, and B. Segall, Phys. Rev.5B,
1502(1994.

29A. Rubio, J. L. Corkill, M. L. Cohen, E. L. Shirley, and S. G.
Louie, Phys. Rev. B18, 11 810(1993.

3°M. Palummo, L. Reining, R. W. Godby, C. M. Bertoni, and N.
Bornsen, Europhys. LetR6, 607 (1994.

31W. R. L. Lambrecht, B. Segall, J. Rife, W. R. Hunter, and D. K.
Wickenden, Phys. Rev. B1, 13 516(1995.

M. STADELE, J. A. MAJEWSKI, AND P. VOGL

52A. Kley and J. Neugebauer, Phys. Rev5B, 8616(1994).

53M. Peressi, L. Colombo, R. Resta, S. Baroni, and A. Baldereschi,
Phys. Rev. B48, 12 047(1993.

54W. R. L. Lambrecht, C. Amador, and B. Segall, Phys. Rev. Lett.
68, 1363(1992.

SSE. A. Ponce, M. A. O'Keefe, and E. C. Nelson, Philos. Mag. A
74, 777 (1996.

56E. A. Ponce, B. S. Krusor, J. S. Major, Jr., W. E. Plano, and D. F.
Welch, Appl. Phys. Lett67, 410(1995.

57E. A. Ponce, C. G. Van de Walle, and J. E. Northrup, Phys. Rev.
B 53, 7473(1996.

58w. C. Hughes, W. H. Rowland, Jr., M. A. L. Johnson, S. Fuijita,
J. W. Cook, Jr., J. F. Schetzina, J. Ren, and J. A. Edmond, J.
Vac. Sci. Technol. BL3, 1571(1995.

590. Brandt, H. Yang, B. Jenichen, Y. Suzuki, L. \Beritz, and K.
H. Ploog, Phys. Rev. B2, 2253(1995, and references therein.

60W R. L. Lambrecht and B. Segall, Phys. Rev4B 9289(1993.

32E. A. Albanesi, W. R. L. Lambrecht, and B. Segall, Phys. Rev. B 'H. Holloway and L. C. Davis, Phys. Rev. Lefi3, 830(1984.

48, 17 841(1993.

2T Fuyuki, T. Yoshinobu, and H. Matsunami, Thin Solid Films

33p_E. Van Camp, V. E. Van Doren, and J. T. Devreese, Phys. Rev. 225 225(1993; S. Hara, T. Meguro, Y. Aoyagi, M. Kawai, S.

B 44, 9056(1994.

34M. Suzuki, T. Uenoyama, and A. Yanase, Phys. Re%2B8132
(1995.

35K. Kim, W. R. L. Lambrecht, and B. Segall, Phys. Rev5B 16
310(1996.

36Su-Huai Wei and Alex Zunger, Appl. Phys. Le39, 2719(1996.

S7A. Rubio, J. L. Corkill, and M. L. Cohen, Phys. Rev.4®, 1952
(1994.

385.-H. Ke, M.-C. Huang, and R.-Z. Wang, Solid State Commun.

89, 105(1994.

39E. A. Albanesi, W. R. L. Lambrecht, and B. Segall, J. Vac. Sci
Technol. B12, 2470(1994.

49K. Nath and A. B. Anderson, Phys. Rev.4®, 7916(1989.

413, Y. Ren and J. D. Dow, Appl. Phys. Le@9, 251 (1996.

42, K. Teles, L. M. R. Scolfaro, R. Enderlein, J. R. Leite, A.
Josiek, D. Schikora, and K. Lischka, J. Appl. Phg§, 6322
(1996.

43W. R. L. Lambrecht and B. Segall, Phys. Rev48 7070(1991).

44R. B. Capaz, H. Lim, and J. D. Joannopoulos, Phys. Re81,B7
755 (1995.

“SR. Di Felice, J. E. Northrup, and J. Neugebauer, Phys. Ré&4,B
R17 351(1996.

46K. Kunc and R. M. Martin, Phys. Rev. B4, 3445(1981).

47G. Bratina, L. Vanzetti, L. Sorba, G. Biasiol, A. Franciosi, M.
Peressi, and S. Baroni, Phys. Rev5@ 11 723(19949.

48R, Nicolini, L. Vanzetti, G. Mula, G. Bratina, L. Sorba, A. Fran-

ciosi, M. Peressi, S. Baroni, R. Resta, A. Baldereschi, J. E. An-

gelo, and W. W. Gerberich, Phys. Rev. Lé&tg, 294 (1994).
45D. M. Bylander and L. Kleinman, Phys. Rev.A, 3509(1990.
505, Baroni, R. Resta, A. Baldereschi, and M. Peressgpectros-

copy of Semiconductor Microstructuresdited by G. Fasol, A.

Fasolino, and P. Lugl{Plenum, London, 1989
5!R. G. Dandrea, S. Froyen, and A. Zunger, Phys. Re¥2B3213

(1990.

Misawa, E. Sakuma, and S. Yoshidbid. 225 240(1993.

63X .-S. Wang, K. Self, V. Bressler-Hill, R. Maboudian, and W. H.
Weinberg, Phys. Rev. B9, 4775(1994.

64L. Colombo, R. Resta, and S. Baroni, Phys. Rev4® 5572
(1991).

55W. Pickett, Comput. Phys. Rep, 115(1988.

6D, M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566 (1980.

673. P. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

%8M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.
Joannopoulos, Rev. Mod. Phyg#4, 1045(1992.

.5°N. Troullier and J. L. Martins, Phys. Rev. &, 1993(1991); L.

Kleinman and D. M. Bylander, Phys. Rev. LetB, 1425(1982.

03, G. Louie, S. Froyen, and M. L. Cohen, Phys. Re@31738
(1982.

3. A. Majewski, inProceedings of the 22nd International Con-
ference on the Physics of Semiconducterited by D. J. Lock-
wood (World Scientific, Singapore, 1995p. 711.

"2H. J. Monkhorst and J. D. Pack, Phys. Revl® 5188(1976.

73p_J. H. Denteneer and W. Van Haeringen, Solid State Commun.
59, 829(1986.

7M. E. Sherwin and T. J. Drummond, J. Appl. Ph8, 8423
(1991.

53, Froyen, Phys. Rev. B9, 3168(1989.

78], Philips,Bonds and Bands in Semiconductéfsademic, New
York, 1973.

""Semiconductors. Physics of Group IV Elements and IlI-V Com-

pounds edited by O. Madelung, Landolt-Bastein, New Series,

Group lll, Vol. 17, Pt. a(Springer, Berlin, 198

M. W. Wang, J. O. McCaldin, J. F. Swenberg, T. C. McGill, and
R. J. Hauenstein, Appl. Phys. Le@6, 1974(1995.

M. C. Benjamin, C. Wang, R. F. Davis, and R. J. Nemanich,
Appl. Phys. Lett.64, 3288(1994).

80H. Schulz and K. H. Thiemann, Solid State Comma@8, 815
(1979.



