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Band discontinuities in zinc-blende and wurtzite AIN/SiC heterostructures
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The AIN/SIC band discontinuities in zinc-blend&10), (111), and wurtzite(0001) heterostructures were
examined using thab initio pseudopotential approach. At the nonpolar AIN/@IT)) junction, we find a
valence-band offset of 1.7 eV. At the polar heterojunctions the band alignment depends on the interface
composition, and valence-band offsets as high as 2.5 eV are obtained for neutral interfaces with an Al/Si mixed
plane and as low as 1.3 eV with a N/C mixed plane. Atomic relaxation plays a major role in determining the
offset. The structural change from culfitl1l) to hexagonal0001) heterojunctions affects predominantly the
conduction-band offset, and has only a minor influence on the valence discon{iS0itys3-18207)50612-§

The group-III nitrides and SiC are of considerable interestAl/Si mixed layers in the macroscopic averayjef the ion
for device applications in blue-violet optoelectronics andpoint-charge distribution of the junctiorisee Fig. 1
high-temperature electronics. The ideal lattice match of SIC The interface charge may also be neutralized by two
and AIN, and the relatively low misfit with GaN, make SiC a mixed planes, e.g., by replacing 12.5% of N by C in the N
suitable substrate and AIN an adequate buffer layer for GaNplane and 12.5% of Si by Al in the Si plane at the abrupt
based light-emitting devic€sThe main parameters which Si-N interface, or 12.5% of C by N in the C plane and 12.5%
determine carrier injection and confinement in the resultingdf Al by Si in the Al plane at the C-Al interfac&onfigura-
heterostructures are the valence- and conduction-band offions C and C’, respectively. The latter atomic arrange-
sets. Presently, very few experimeftabr theoretical ments are intermediate between theand B configurations
result$=° are available on the band offsets of heterovalen{C) or A’ andB’ configurations C') given in Fig. 1, and
nitride heterojunctions, and little is known of their depen-
dence on orientation, heterovalency, and polytype. Here we
present a first-principles study of these properties for the pro-
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totype lattice-matched AIN/SIiC system. ;3 @
Heterovalent quaternary systems such as AIN/SIC give g
rise to complex interface configurations. Two types of abrupt = -8 : | :
AIN/SIC interfaces may be distinguished: those containing =
only cation-anion bondgSi-N,C-Al) and those involving "25

cation-cation and/or anion-anion bon¢s-N,Si-Al). Previ-
ous theoretical studi#4 showed that the former are more
stable than the latter, consistent with a recent transmission-
electron microscopy analysis of the 2H-AIN/6H-$0001)
interface® We thus focus here on the culiit10), (111), and
hexagonal000)) interfaces with Si-N and C-Al bonds. Fur-
thermore, since the formation energy of the AIN/SIC inter-
faces is positive, we only consider AIN/SiC11) and(0001)
junctions with the “long-bond” interface geometry, which
has the lower density of interface bonds.

The abrupt polar AIN/SiG111) and(000)) interfaces are
charged, and therefore thermodynamically unstable. Charge _ -7 -

(z) [el./ZB cell]
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neutrality can be restored in these systems by atomic inter- e

mixing at the interfacé.The simplest atomic arrangements @

giving rise to neutral interfaces are those with one mixed = %

N/C plane(or Al/Si plane. The corresponding neutral con- =

figurations, schematically represented in Figd) land Xc) “§

(see also Fig. 2, upper pahedre obtained by replacing 25% N o . . A .

of N by C in the N plane at the abrupt N-Si interface or 25% AIN AN  SHC  SiC  SiC AIRN Al

of C by N in the C plane at the Al-C interfa¢eonfigurations

A andA’, respectively, or similarly by replacing 25% of Si FIG. 1. Macroscopic average of the ion point-charge distribution

by Al'in the Si plane at the N-Si interface or 25% of Al by Si in the zinc-blende AIN/SIC(111) heterostructures with charged,
in the Al plane at the AI-C interfacéconfigurationsB and  abrupt interfacega), neutral interfaces with one mixed C/N plane
B’, respectively® This intermixing neutralizes the junction (b), and one mixed Al/Si planéc). The symbolAf indicates a
leaving interface dipolegvhich are opposite for the N/C and mixed plane containing 75% atoms and 25%8 atoms.
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TABLE |. AIN/SIiC valence-band offset¢in eV) at the zinc-
blende(110) and(111) heterojunctions. Thélll) offsets are given
for neutral interfaces with a C/N mixed plané,@A’), an Al/Si
mixed plane B,B’), or a C/N and an Al/Si mixed planeC(C’)
(see text

VBO(110 VBO(111)
A A B B C

Unrelaxed 1.59 0.65 0.67 237 272 147 174
Relaxed 1.71 133 131 226 254 1.78 1.97

V(z) [mRy]

In Table I, we present our results for the VBO at the
e—eo—se—se—se—s zinc-blende (110 and (111) junctions, with and without
Al Al Al Al Si Si Si Si Si Si Al Al Al . . . . .
N NNDN.CCCZCCCyNN atomic relaxation at the interface. Using the experimental
band-gap valu¥ of 2.4 eV and the estimated valief 4.9

FIG. 2. Upper panel: atomic configuration at the 3c-sic/zn-8V for cubic SiC and AN, respectively, we obtain for the
AIN (0001 interfaces with mixed N/C layers, in the plane through 'élaxed interfaces a type-l band alignment in all cases.
the Al-N and Si-C bonds. Lower panel: macroscopic average of thlany-body corrections on the SiC and AIN band-structure
electrostatic potentials in the 3C-SiC/2H-AD0O0Y (solid line) and  t€rms could affect the absolute value of the VBO by a few
3C-SiC/3C-AIN11)) (dashed lingheterostructures. The difference tenths of an eV Such corrections, however, are expected to
between the two macroscopic averages is also sHowtted ling. decrease the AIN/SIiC VBO, and are therefore unlikely to
change the type of band alignment. The VBO values we find

give rise only to quadrupoles and higher order multipoles irfor the (110 junction agree within 0.1 eV with the results of

the macroscopically averaged ion point-charge distribution@n existing LMTO calculation for the unrelaxed interfdce,

We studied the band alignment at these six neuap’, and a Zecent pseudopotential calculation for the relaxed
B, B’, C andC’ (111) junctions with one or two mixed Junction. _
layers at the interface. In contrast to the case of the conventional, smaller gap,

The first-principles calculations were carried out within Semiconductor heterojunctiofi$ we find here that lattice
the local-density approximatiof.DA) to density-functional relaxa}tlon has a drastic effect on _the pand offsets of the polar
theory, using the Ceperley-Alder functiorffdl,and the (113 junctions, qnd a non-negligible mflueryce on the offset
pseudopotential plane-wave method. The pseudopotentia® the (110 junction. In the case of thel10) interface, lat-
were generated with the method of Troullier-Martins andtice relaxation increases the VBO by 0.12 eV. In thd1)
cast into the Kleinman-Bylander nonlocal fofhThe het- Junctions, the relaxauon changes the offsets by as much as
erojunctions were modeled with supercells containing up td-7 €V at the interfaced and A’. Although relaxation ef-

24 atoms, i.e., 12 monolayers for the culficl0) and 24 fects are somewhat_smaller at the otffEt)) interfaces, they
monolayers for the cubi€l11) and hexagonal000]) inter-  change the band alignment from type Il to type | at the in-
faces. The supercell calculations were performed with an erferfaceB’. o _ _

ergy cutoff of 60 Ry, and using for the-space integrations I the (110 junction, the anion sublayers in the two
the (4,2, Monkhorst-Pack grid for th¢110) junction and planes closest to the interface are found to relax towards SiC,
the (3,3, grid for the (111) and (000J) junctions'? The and the cation sublayers in the opposite direction. The result-
mixed layers at thé111) and (0001 interfaces were dealt iNg anion-cation relative displacement is  about
with using the virtual crystal approximatinAll calcula- ~ AuU;=—0.025 a.u. Within a linear-response theory
tions were performed using the theoretical equilibrium latticeapproach,” the displacementi, of each interfacial atomic
constant of cubic SiCg = 4.32 &), which is almost identi- layer produces a shif\V q=4mZ*€?u,/Se.. in the poten-

cal to that calculated for AIN4.33 A); the experimental tial lineup, wherez* is the effective charge of the ionS the
values are 4.36 and 4.37 A, respectively. surface per ion in the layer, ared the geometric average of

To evaluate the valence-band off§¢B0O), we separated the dielectric constants of the two crystals forming the junc-
it into two contributions AEyso=AE,+AV. The band- tion. Using eN=461, €°=6.95!° and Z}.,
structure termAE, is the difference between the valence- = —Z5,,~2.7 in these materialfS, we obtained a total re-
band edges of the two semiconductors forming the junctionlaxation contribution to the VBO of 0.18 eV, in reasonable
each measured with respect to the average electrostatic pagreement with thab initio result.
tential of the corresponding crystal. This term does not de- We also evaluated the potential lineup at the unrelaxed
pend on the interface, and was determined from standard 10 interface from linear-response-theory calculations. In
bulk band-structure calculations for the two crystals using arthese calculations, the junction is treated as a perturbation
energy cutoff of 70 Ry and &,4,49 Monkhorst-Pack mesh. with respect to a virtual crystal composed(&a,,Si;;»» and
The electrostatic potential lineupV across the interface (Cy;,Ny) pseudoiong.From such calculations we obtain a
may depend on interface-specific features, and was obtainadBO of 1.59 eV, identical to thab initio result. Within the
from the supercell calculations using the macroscopiclinear-response approach, the offset at ¢(h&l) interfaces
average technique!® C andC’ with the quadrupoles should be equal to that of the
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(110 interface, whereas at the interfacks A’ andB, B’ dominantly absorbed by the conduction-band offset. Using
with the dipoles the VBO should differ by the same lattice parameters, we also performed calculations
AVgip= + me’/2ae, from the (110 VBO. The average of for the relaxed wurtzite junctions, and the VBO were found

the VBO for the unrelaxed interfacgs andC’ in Table I  to reproduce within 0.1 eV the values of the corresponding
agrees within 20 meV with thé110 value. The estimated relaxed zinc-blende junctions.
correctionsAVy;, for the interfacesA, A" andB, B’ are + In order to understand and generalize these results, we

0.94 eV. Using the average of ttab initio values for the investigated the effect of the 3C/2H stacking faults on the
unrelaxedA and A’ interfaces and for th& andB’ inter-  potential lineup in the transformation 3C-AIN/3C-SiG
faces, we obtain corrections 6f0.93, +0.96 eV, close to  2H-AIN/3C-SiC — 2H-AIN/2H-SiC, and the impact of the
the linear-response estimates. We note, however, that due $ructural transformation from cubic to hexagonal on the
the high ionicity of the heterovalent wide-gap systems, depand-structure terms of the AIN and SiC crystals. In Fig. 2
viations from the average value predicted by linear-responsee display the electrostatic potentials in the 2H-AIN/3C-SiC
theory can be as large as0.2 eV (interfacesB andB’), at  and 3C-AIN/3C-SiC heterostructures with and A’ inter-
variance with the situation in the conventional semiconducfaces, and their difference. In supercells including a ferro-
tor heterojunctions such as GaAs/Ge or GaAs/ZH!Sehese electric (2H) and nonferroelectri¢3C) structure, two oppo-
deviations are related to the presence of important secondite electronic charges are induced at the interfAtés a
order terms(intersite interactionsin the response to the result, two different electric fields are present in the bulk
atomic substitutions transforming the virtual crystal into thematerials forming the 2H/3C heterostructure. The difference
real AIN/SIiC junctions? Such quadratic terms cancel each between the 2H/3C and 3C/3C electrostatic potentials, in
other out by symmetry in thé€l10 junction, but not in the  Fig. 2, exhibits the typical sawtooth profile produced by in-
case of thg112) junctions. terface charges. However, virtually no potential discontinuity
In the A andA’ junctions, the mixed anion plane is found can be distinguished which could be related to an interface
to relax toward SiC by about 0.07 a.u., and the cation planéipole. TheAV in the 2H/3C junction is identical, within
closest to the interface relaxes by about the same amount in 50 meV, to those of the 2H/2H and 3C/3C heterojunctions.
the opposite direction. Both displacements tend to increas8uch results are consistent with the very small potential dis-
the VBO, and the total effect evaluated from linear-responseontinuities observed in BeO, SiC, and AIN 2H/3C homo-
theory isSAV,= 0.8 eV, which compares well with theb  junctions, in recentib initio studies of the spontaneous po-
initio results. The displacements of the planes closest to thiarization of the wurtzite materiafS:%* For the 2H-AIN/3C-
interface are about two times smaller for BBeandB’ junc-  AIN and 2H-SiC/3C-SiC junctions, we findV of the order
tions, and the cation and anion planes both relax towardsf 10 2 eV. All these results indicate that, in general, stack-
SiC. The cation- and anion-relaxation effects thus tend tang faults have a very small impact akV, both in homo-
cancel each other, and the impact of the relaxation on thfunctions and in heterojunctions.
VBO is much smaller in these junctions. The relaxation at |n Fig. 3 we show the alignment of the zinc-blende and
the polarA, A’ and B, B’ interfaces is mainly driven by
electrostatic force? which tend to decrease the ionic inter-
face dipoleAVy,. The larger relaxation observed at the in- 14
terfacesA andA’ as compared to the interfacBsandB’ is

AIN

attributed to the larger electrostatic potential discontinuity T5 0751
AV and resulting electric field at th& andA’ junctions. G

The zinc-blende and hexagonal polytypes such as the >  0.51 5
wurtzite (2H) form consist of identical atomic layers with o~ J
different stacking sequencésee Fig. 2, and are character- K 0254

ized by very different band gaps. The 2H-SIiC and 2H-AIN
band gaps are 3.3 eV and 6.3 eV, respectivély,i.e., 0.9 0 - -
eV and 1.4 eV larger than those of the corresponding cubic
(3C) phase. To assess the effect of the crystal structure on the
band offsets, we evaluated the VBO at the ideal wurtzite
AIN/SiC(000)) heterojunctions with the atomic volume of
the zinc-blende form, and the ideal lattice ratia=/8/3

and internal parameten=3/8 reproducing the interplanar
separations of thél11) junctions. Such values of the struc-
tural parameters describe within 0.5 % thle initio values

for the 2H-SiC structure and within 2% those for the 2H- 20
AIN structure®® The VBO we obtain for the unrelaxed AIN/

SiC(000)) junctions are 0.70, 0.70, 2.38, and 2.71 eV for the

interfacesA, A’, B, andB’, respectively. Notwithstanding g, 3. Upper panel: electron density of states of the 3C-AIN
the very large difference in the band gap of the cubic andsolid line) and 2H-AIN (dashed lingbulk crystals aligned accord-
hexagonal structures, the VBO and also ¥ of the two  ing to the self-consistent potential lineup calculated for the 3C-AIN/
phases differ by less than 0.1 eV. The 0.5 eV change in thgH-AIN(0001) junction. The zero of energy has been chosen at the
band-gap discontinuity associated with the structural transmidgap value of the 3C polytype. Lower panel: same data as in
formation from the cubic to the hexagonal form is thus pre-upper panel, but for SiC.

0.75 4

0.54

DOS [eV-1 Q 1]

0.254

Energy [eV]
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wurtzite LDA densities of states at the 2H-AIN/3C-AIN and  In conclusion, our results showed that lattice relaxation
2H-SiC/3C-SiC homojunctions, as obtained from the lineupsplays a major role in determining the band offset trends in
AV~0. For both materials, the matching of the 2H and 3Cthe heterovalent nitride heterojunctions. This is in contrast to
density of states features and band-edge positions in the vélie case of the conventional semiconductor heterojunctions,
lence band is quite striking, and in contrast with the situatiorand follows from the high ionicity of the heterovalent nitride
of the conduction band. This is because the environment ctystems. We found, however, that even in such highly ionic
each atom in the cubic and hexagonal structures differs onl{)eterojunctions, when lattice relaxation is taken into account,
beyond the first neighbors, and unlike the bonding orbitalsth® band offset dependence on orientation and heterovalency
which are highly localized on the anions, the more delocalcan still be quallta_tlvely explained using Imear-re_sponse-
ized conduction states are quite sensitive to the bonding gén€0"y schemes. Finally, we showed that the cubic versus

ometry of the neighboring atoms. The results in Fig. 3 for the'€X@gonal  crystal  structure  selectively  affects the
: . onduction-band offset, and has only a minor impact on the

band-structure terms together with the very small impact Of/alence—band offset

stacking faults om\V indicate that the change in the band- '

gap discontinuity associated with a cubic to hexagonal struc- We would like to acknowledge support for this work by

tural modification in heterojunctions will be selectively the Swiss National Science Foundation under Grant No. 20-
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