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The structural and electronic properties of the relaxed GaN/Al interface are determined from first-principles
local-density full-potential linearized augmented plane-wave calculations. The atomic-site projected electronic
density of states and the charge density, calculated as a function of the distance from the interface, show that
the gap states induced into the semiconductor by the presence of Al are strongly localized in the interface
region with a decay lengthh~ 3.5 a.u. We also study two related systems, the AI/AIN and GaN/AIN
interfaces, both grown on a GaN substrate. Our results indicate that Al does not provide good Ohmic contacts
on theatomically defect-freaitrides considered, in contrast with experimental results on chemically treated
GaN but in agreement with recent measurements onckben surface. By comparing the three interfaces
studied, we also find that the transitivity rule is approximately satisfied and that small deviations must be
attributed to differences in the interface morphology0163-18208)05008-3

I. INTRODUCTION in Sec. lll. Finally, Sec. IV summarizes our main results and
draws some conclusions.

The great importance of gallium nitride in potential tech-
nological applications has stimulated strong interest in this
material>? Since performances of all technological devices
are strongly dependent on the realization of good Ohmic It is well knowr° that nitrides(such as AIN, GaN, etg.
contacts’* many experimental works focus on the depositionshow an interesting polytypism, so that their crystallographic
of metals[e.g.,M =Au,>® Pt/ Pd/®and Ti(Refs. 9, 3, and structure can be either zinc blen@ibic) or wurtzite (hex-

10)] on GaN and on the study of the electronic properties ofagonal. Since the total energies of the two phases differ only
the GaN/metal interface. In particular, the deposition of Alby as much as 9.88 meV/atdihit is possible to stabilize
films on a(0001) 1x1 GaN substrate was receritly?char-  either the cubic or the hexagonal GaN structure exerimen-
acterized using Auger, electron-energy-loss, and photoelegally if the growth conditions are properly changed. In our
tron spectroscopies. From the theoretical side, while severaialculations we considered gallium nitride to be grown epi-
calculations have been performed on the GaAs/metdiaxially in its zinc-blende crystallographic structure, since it
interface’®~"to our knowledge the GaN/metal interface hasbest matches the Al fcc lattice. The substrate lattice constant
not yet been explored theoretically. was set equal to our calculated GaN bulk lattice parameter

In this work, we present results obtained frah initio (agups= agan=8.47 a.u), which agrees perfectly with the
all-electron full-potential linearized augmented plane-waveavailable experimental dafa.

(FLAPW) (Ref. 18 calculations for the (001)-ordered All the interfaces considered were simulated using the
N-terminated GaN/Al junction. We show that the states in-conventional supercell approach. In order to check the con-
duced in the GaN band gap by the presence of Al are highlyergence as a function of the GaN and Al thicknesses, we
localized in the interface region; moreover, the contact beconsidered different cell dimensions, and found that bulk
tween GaN and Al was found to be strongly rectifying, in conditions in the semiconductor and metal regions were well
good agreement with experimental findings for Al films de-recovered using a unit cell with 19 GaN layefise., ten
posited on aclean GaN surface. In order to investigate the layers of N and nine layers of Gand nine layers of Al; the
structural and electronic properties of the interface, we als@chottky barrier heightSBH) changed less than 0.02 eV in
considered two auxiliary systems: a semiconductor/metagoing from the 15-7 to the larger 199 cell.

AIN/Al interfface and a semiconductor/semiconductor We started our calculations from the “ideal” GaN/Al in-
GaN/AIN heterojunction, both grown on a GaN substfdte. terface, obtained assuming that the Al atoms occupy the Ga
In Sec. I, we report some technicalities regarding the strucsites of the ideal GaN zinc-blende lattice. This structure is
tures considered and the calculations performed; the result®t expected to reproduce the real situation, since the lattice
regarding the structural and electronic properties are showmismatch between bulk Gal\a&%:SA? a.u) and bulk fcc

Il. STRUCTURAL AND TECHNICAL DETAILS
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TABLE I. LDA calcuIaFed struptural parameters for the systems p|\ (i.e., strained to match the GaN Subst)agévesdfﬁfﬁg
examined(all values are in atomic unh‘.sNoth”‘Ehat the calculated (LDA)=3.60 a.u., in perfect agreement with the MTRef.
bulk bond lengths of AIN and Al areda.y=3.56 a.u. and 35 oreictionsd’®a9(MTE)=3.60 a.L*® (see the second and
daia =5.41 a.u., respectively. third rows of Table ). On the other hand, total-energy mini-

gbuk ginterf ginterf gtetrag gtetrag mization of Al strained to GaN giVE‘d%t_rAﬁg (LDA):560

catt catt AN AN ARA a.u.; this result is at variand@y about~ 10 %) with the

GaN/Al 3.67 3.67 3.70 560  MTE (Ref. 32 value d{"2% (MTE)=5.09 a.u. This is quite
AIN/AI 3.72 3.60 5.60 surprising, since MTE is known to predict the equilibrium
GaN/AIN 3.67 3.67 3.60 3.60 distances correctly in the case of slightly strained semicon-

ductor interfaces* (as shown above in the case of AIN
strained on GaN In this case, however, we are dealing with

Al [a%=7 65 a.u.(Ref. 22] is as high as 9.6%; the Al quite large mismatchegup to 9.6 % betweera2ay and
atoms are therefore expected to move in order to compens ‘,’”‘), which is probably too large for MTE to be still valid.

for the epitaxial strain. The relaxed geometry was deterin the following, we will refer to the calculated tetragonal
mined using the calculateab initio atomic forcessee Ref.  bond lengths to those obtained from LDA total-energy mini-
23 for detail$, letting the atoms move only along the order- mization.
ing [001] direction. Let us now consider the interfacial bond lengths at the
We also examined two relatd@®01]-ordered systems: a GaN/Al junction. Note that, within our numerical accuracy,
metal/semiconductor interfacee., AI/AIN) and a semicon- the Al deposition is not seen to affect the atomic distance
ductor heterojunctiofi.e., GaN/AIN), both grown on a GaN between the Ga and N atoms near the interface, with respect
substrate. In the first case, we use a supercell as large as titethe bulk distancdi.e., d®=d2k) However, we find
one used for the GaN/Al casée., 19 layers of GaN and the AI-N interfacial distanced®'=3.70 a.u. to be consid-
nine layers of Al, whereas in the second case, we simulatetbrably larger than the bond length in tetragonal AIN,
the GaN/AIN interface using €GaN) //(AIN) , (N=3) super-  gletad_3 60 3 u. It should be noted that this situation is simi-
lattice. Previous calculatiof*>showed that bulk conditions |ar to the results obtained by Dandrea and DtKer the
in semiconductor heterojunctions are already well recoveregsaas/Al interface: the interface Al-As bond length was
within one semiconductor layer away from the interface, SGound to be 10% larger than that of zinc-blende AlAs. Our
that the 3¢3 supercell is expected to provide reliable results.rggyits can be explain&tby considering that the metallic
On the other hand, much larger supercells are generalljong petween the interface Al atom and its bulk Al neigh-
needed in the metal/semiconductor case, due to the presenggs reduces the degree sfp® hybridization, therefore
of the metal induced gap stateMIGS's) (Refs. 26-28  \yeakening the interface Al-N bond strength compared to the
whose charge tails into the semiconductor side. _ pure covalently bonded tetragonal AIN. A similar behavior is
Ourab initio calculations were performed within density- gpserved for the AIN/AI junction: the Al overlayer does not
functional theory in the local-density approximation giter the distance between the two semiconductor atoms

29 ;
(LDA).”" In the FLAPW self-consistent cycles, we used an-cjoser to the interface. On the other hand, the bond length

gular momenta up thye, =8 in the muffin-tin spheresRg.=  (gintery perween the interfacial N atom and the Al metallic
Ra=2.1 a.u. andRy=1.4 a.u) for both wave functions and

. _ atom closer to the junction is longéby as much as 3%)
charge-density and plane waves with wave vector up t

fhandteras,
K a=4.6 a.u., leading to about 5000 basis functions. The AN
sampling of the tetragonal Brillouin zone was performed us-
ing three specialk-points within the Monkhorst-Pack B. Gap states
scheme?® As discussed in Ref. 31, the structural and elec-
tronic properties are crucially dependent on the treatment %r
the Ga 8 states; therefore, all the calculations were per-q
formed considering these semicore electrons as part of t
valence band.

In Fig. 1, we report the partial density of staté¥DOS
the 19+9 GaN/Al relaxed structure projected for each
a, N, and Al atomic site as a function of the distance from
t‘ﬁa‘\e interface; in particular, pan@) shows the “inner” atom
in the bulk regions, whereas pare) shows the atomic sites
closest to the interface. The dashed lines in pafigknd(v)
Ill. RESULTS AND DISCUSSION show the PDOS in the bulk binary constituents GaN and Al
(with Al strained as in the superlatticd_et us examine the
energy-gap interval, which is the energy region of major in-
The LDA calculated structural parameters for the differ-terest(note that the experimental value for the bulk GaN
ent relaxed systems are reported in Table I. Let us first disband gap isE5s=3.39 eV?'! whereas, due to well-known
cuss how AIN and Al relax in order to match the GaN sub-fajlures of the LDA, our calculated band gapﬁ_g“apzl_go
strate. In the case of the two nitrides, the mismatch betweegy). From Figs. 1a) and 1b), we observe that the atoms
our LDA calculated bulk lattice parameteagax=8.47 a.u. near the interfacgsee, for example paneb] of Fig. 1(b)]
andazj=8.23 a.u(or, equivalently, between the bulk bond show a relevant density of gap states. As expected, a detailed
lengthsd2K =3.67 a.u. andly' =3.56 a.uis ~ 3 %. The analysis of these states reveals that they originate mainly
magnitude of the strains involved in this case is such that théfom Al s and p states hybridized with the states of the
macroscopic theory of elasticitfMTE) (Ref. 32 is expected atoms closer to the interfacge., N 8 and 10[Fig. 1(b),
to be valid; in fact, total-energy minimization for tetragonal panels(iv) and(v)] and Ga 9Fig. 1(a), panel(v)]). On the

A. Structural properties



57 STRUCTURAL AND ELECTRONIC PROPERTIESP. .. 4851
(a) (b) (©)
10 10 10
09/ Gal ) (B}l;g( 09d N2 @ 094 A5 @ | Bulk
0.8 0.8 0.8 Al
0.7 0.7 0.7
0.6 0.6 0.6
0.5 0.5 051
0.4 0.4 04
0.3 0.3 0.3
02 0.2+ 0.2
0.1 ) 0.1 0.1
0.0 : 0.0 : 0.0+—4-
09{Ga3 (i) 09/ N4 (ii) 09 All4 @ii)
0.8 0.8 0.8
0.7 0.7 0.7
0.6 0.6 0.6
0.5 0.5 0.5
0.4 0.4 0.4
0.3 034 0.3
0.2 024 0.2
0.14 0.1 0.14 //\W Sl
0.0 0.0 0.0
~ 094Gas (i) 09/ N6 (i) oo AIl3 (i)
E o8 0.8 0.8
d 074 0.7 0.7
2z 061 0.6 0.6
%’ 054 0.5 0.5
§ 04 0.4 0.4
Z 03 0.3 034
LK 024 0.2 0.2
2 o 0.1 0.1 W\/\/\/J\
0.0 0.0 0.0
00]Ga7 (iv) 09 N8 (V)| golAll2 (iv)
0.8 0.8 0.8-
0.74 0.7+ 0.7-
0.6 0.6 0.6
0.5 0.5 0.5
0.4 0.4 04
0.3 031 0.3
0.2 021 02 A
0.1 0.1 /_/ 0.1 M
0.0 0.0 00
09/ Ga?9 ) 09/ N10 W) 094 Al 11 )
084 0.8 0.8
0.7 0.7 0.7
0.6 0.6 0.6
0.5 0.5 051
0.4 0.4 0.4
034 0.3 0.3
0.2+ 0.2 0.2
0.1 v 014 0.1 AT v
Interf. 4, ‘ Interf.

0.0+—Z s
12108 6 4 20 2 4
Energy (eV)

12108 6 4 20 2 4
Energy (eV)

0.0+
(12108 6 4 20 2 4
Energy (eV)

FIG. 1. Partial density of statd®DOS of (a) the Ga atoms in the 19 9 GaN/Al supercellsolid line) compared to the PDOS of pure
GaN (dashed ling [Panel(i) shows the “inner” Ga atom reproducing Ga in bulk GaN, whereas panethows the Ga atom near the
interface] (b) PDOS for the N atom§with labels as in(a)] and(c) PDOS for the Al atom$with labels as in@].

other hand, very few gap states are present in the Ga and \Nhere\IfiGS(k,r) are those solutions of the Kohn-Sham equa-
atoms far from the interfadesee paneli) of Figs. a) and 2  tions whose eigenvalues are within the GaN energy gap
(b)], indicating that GaN bulk conditions are almost perfectlyand the integral is performed over the Brillouin zoflZ).
recovered. This is also shown by the similarity between the'he gap state charge densitys is plotted in Figs. 2) and

bulk GaN DOS(dashed lingand the superlattice DOGolid  2(¢) in two planegparallel to the(110) plang containing all
line). the atomic species in the cell. Following Ref. 35, we also

In order to gain better insights, we constructed the charg@€rformed the macroscopic average of this charge density,
density for the gap statd&S's): shov_vn in Fig. Za)_. We first point out that the MIGS'’s in the_
semiconductor side of the junction are strongly localized in
the interface region, as also indicated by the projected DOS
plots. In particular, Fig. @ shows that the charge density
pcs piles up on the atoms near the interface and rapidly
vanishes from the interface. The charge dengity is ex-

NGs

pesN =2, | dk|PES(k,n)|? (1)
i=1 BZ
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@ TABLE II. p-type Schottky barrier heightsi(g = EA' —EXBy
X=Ga, Al) and VBO for the GaN/Al, AIN/Al, and GaN/AIN inter-
faces(values in eV, not including the quasiparticle correction. See

text for details on the sign of the values.

15 Al oy
14 Al 1

%
P I3Al @

@ 13A1 §)

GaN/Al Al/AIN GaN/AIN

o j2AlQ i 12A1

b 11Al 11 Al (I)Bp 112 1.80

0 N 0 N @ AE, 0.76
9 Ga 9Ga W “» Ll
0 Qo Q

7 Ga 7 Ga

In analogy with the case of semiconductor heterojunc-

6 N 6 N . . . . .

s Ga s Ga tions, we can express the band discontinuity at the interface

4 Nd 4N as the sum of two termsDBp=Ab+AEb, whereAb and

3 Ga 3 Ga AE, denote an “interface” and “bulk” contribution to the

2N N SBH, respectively. The two separate contributions can be
x 8 = & 8 ' o P evaluated using the core level binding energies as reference
2 2 22 2 levels(see Ref. 3y, following the procedure commonly used

in both x-ray photoelectron spectrosco$PS experiments
FIG. 2. Charge density of the gap states in the GaN/Al interface'and a”_electron Calculatior%lzsvs? In Order to evaluate the
(@ macroscopic averageb) and (c) contour plots in the(110  jnterface contribution, we chose the “bulk” Gasland Al
plane through the center of the cell and a parallel plane displaced by core |evels as reference energies, and have calculated the
(2:2,0). Levels in units of 0.002 electrons/unit cell. difference of these two energy levels in the superlatfice
. , . =E$2-E/L. The “bulk” contribution, on the other hand,
pected to decay exponentially in the semiconductor region ARas evaluated from separate calculations for bulk GaN and

a function of the distance from the interfafe., pes(2) A measuring the difference between the binding energies of

—|z= Zinterfl/ ; i P
xe nterf’* - where\ is the decay_ length anzjmerf is the the same IeveIsAEb=(E\G,§’R',,—Ef§)—(Eé'—Ef's). A simi-

the interface metal and semiconductor layerd/e may elrér_procedure was used in the AIN/AGaN/AIN) case, for
therefore estimate the extension of the gap states from Fi which we used the Al4.(N 1s) core levels on both sides of

’ — i oM Fihe junction and the semiconductor VBM.
2(@), as the coordinate z at which pgg7) In Table Il we report the calculateg-type SBH and va-
=(1/€) pcs(Zinter)- In this way, the MIGS decay length can |ence band offsetVBO) for the structures considered. The
be estimated to b®=zs— z~3.5 a.u. Therefore, the pen- sign of the different band line-ups at the
etration deptt\ is so short that the MIGS’s extend apprecia- metal/semiconductor interface was considered to be positive
bly only up to the GaN layefi.e., atoms 9 and JCloser to  if the Al Fermi energy was higher in energy than the semi-
the interface; their charge density is already highly reduced¢onductor VBM; in the semiconductor/semiconductor case,
in the second GaN layer and completely disappears in ththe sign was considered to be positive if the GaN VBM was
third GaN layer[see Figs. &) and Zc)]. We note that the higher in energy than the AIN VBM. Due to the well-known
calculated\ value is smaller than the penetration depth forfailure of the LDA in describing properly the excitation en-
GaAs[A~ 5.7 a.u.(Refs. 13 and 38 in agreement with the ergies in semiconductors, we cannot evaluate rhiype
qualitative ided® that \ is smaller in materials with larger SBH ®p_directly from our calculations. Howevedg can

Egapand smallere such as GaN and Zn$a ~3.5 a.u(Ref.  pe approximately estimated from the data in Table Il by con-

36)] than in more covalent semiconductdie., GaAs, Si, sidering the GaN experimental g (E&"'=3.39 e\}. For

. gap
with A~ 5.7 a.u.(Ref. 36]. example, for the GaN/Al structure, we obtaib =E5x"

—<I>Bp:2.27 eV. In this respect, we also note that our cal-
culations do not include quasiparticle effects, which may be
important due to differences in screening in the metal and in
We now discuss how the bands line up at the interfacethe semiconductor. On the basis of previous calculations
The Schottky barrier heighty is defined as the energy within the GW approximatiofy>® for the quasiparticle cor-
difference between the Fermi level of the meff') and the  rection in Al (Ref. 40 and GaN!"*?we find that we should
respective majority-carrier band edge of the semiconductoadd to OurCIDBp values shown in Table Il a quasiparticle
at the interface(i.e., the valence band maximugvBM) correction of~ 0.1 eV.
Eysm (X=Ga, A) and the conduction band minimum  After inclusion of quasiparticléQP) effects, for the re-
(CBM) Eghy (X=Ga, Al for a p-doped and am-doped laxed GaN/Al interface we obtairrbgg’zl.zz eV (or

semiconductor, respectively ®§:=2.17 e\). This result is in sharp contrast with the origi-
nal Schottky-Mott rulé®** which gives®g as the differ-

ence of the metal work function and the semiconductor elec-
tron affinity, and predic8*® @5 =—0.02 eV for GaN/Al.

A more recent model, the MIGS-and-electronegativity

C. Band alignment: Schottky barrier heights and
valence-band offset

_EA_EXN
(DBp_EF Evem

_pEXN Al
Pp =Ecem—Er .
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model?’ which focuses on the electronegativity of the metal,

predicts that all the idedl.e., abrupt, defect free, and later- 03 P
ally homogeneoysmetalh-doped GaN contacts should be 044
rectifying*® In particular, according to this modéland us-

ing empirical tight binding calculatiorf§,we should have a Rl N o A o . Lo
potential barrie@Bn ~ 0.8 eV (or equivalentIyCIDBp ~ 2.6

eV) in the GaN/Al case. The predictions of the latter
modef’“*8 are in better qualitative agreement with our find-
ings than the Schottky-Mott rule, but there still is an appre- 081
ciable discrepancy with oumb initio calculated value —
(¢52A=1.22 e\V). 091
Let us now compare our results with the available experi- e N h
mental data. According to previous experimental results, 00 340
was supposed to give rise to good Ohmic contacts on GaN, ®
in contrast with our findings. A more recent experimgnt, 017 L 335
however, shows that the-V characteristic for the GaN/Al 02l
junction (for clean GaN deviates appreciably from linear 330
behavior. Furthermore, in a very recent and detailed experi-
mental study of the Al/GaN interface, Bermudez reported a
measurement of the SBfRRef. 19 for the unanneale001)
1Xx1 GaN/Al interface @Bn=1.4 eV or equivalently(IJBp 051

=Egap—<1)Bn=2.O eV). This experimental value corrects a
result previously reported by the same autﬁb(@gnzl.9

eV), taking into account a different extrapolation of the
VBM position from XPS spectra. We might therefore say Bulk » Intert.

that ourab initio value and the experimental result are in 15 3 15 core-level binding energieilled symbol3 and total

qualit.ative agreement. In cpmparing our theorgtical result%uﬁin_tin chargegempty symbolsfor (a) Ga and(b) N atoms, as
[obtained for(001)-ordered zinc-blende GaN/PWith avail- 5 function of the distance from the interface.

able experimental valuegobtained for (000)-ordered
wurtzite—GaN/Al (Refs. 11 and 1g. we should also take surface results in quite a high SBH. In addition, it has been
into account that, even in the absence of strain, wurtzite Gashowrt! that the major contribution to the SBH comes from
shows a spontaneous polarizafdton the other hand, due the band bending on the bare surface0(9 e\) which is
to symmetry properties, this effect vanishes in the zinc-modified by the growth of the Al layers by 0.5 eV. These
blende structure so that the finap-type SBH values may be observations can be explained in terms of surface states that
affected by the ordering direction and polarization chargesin the clean surface case are able to pin the Fermi level.
The study of the possible dependence of the SBH on polafFollowing Bermudezet al,*'? as the interface formgbe-
ization effects is, in fact, a very interesting topic, but is be-fore annealiny Ex remains pinned, and in the absence of
yond the aim of the present work. Further calculations areelevant charge transfer across the interface, there is only a
presently in progress, in order to also address this questiorsmall effect of Al on the SBHsee Fig. 11 of Ref. )2 Note

A comparison with the more thoroughly studied Al/GaAs that the situation is quite different in the case of'Rliiyhere
system might be natural at this point. In this regard wethe band bending is seen to be more sensibly modified by the
should recall that recent measuremehtn Al/GaAs (001) metal coverage.
as a function of pressure and compositi@e., for various This picture can be analyzed on the basis of the results of
values ofx in the Al/Al,Ga;_,As system agree with the our calculations. The band bending of the clean surface
predictions ofab initio calculations for ideal interfacés, originates from Fermi-level pinning by surface states, and its
without invoking the presence of deep-level point defé&ts. position near the majority band edge well inside the bulk.
We therefore infer that our predictions should also agreé&his bending acts on a distance scale of many hundreds of
with experiments performed for the same interface orientaangstroms and, of course, is not accessible to our calcula-
tion since the formation of point defects is quite unlikely for tions which focus on distances of a few monolayers from the
GaN (which is more stable than GaAso that the barrier interface. A further effect is related to the charge rearrange-
height is expected to be mainly determineditiyal interface  ment that might be caused by the presence of the interface
properties such as metal-induced states, which are naturaltates. The characteristic length of such effects is of the order
included in our calculations. of the MIGS decay length, and therefore can be revealed in

The existence of very different experimental findings de-our calculations. In Fig. 3, we show the core-level binding
serves a more detailed discussion. It has been recentgnergies and the total muffin-tin charge for Gmanel (a)]
showrt? that there is a substantial difference between the soand N[panel(b)] atoms, as a function of the distance from
called practical surface and thatomically cleansurface, as the interface. It is clear that the binding energies and the
far as the conduction properties are concerned. In fact, whileharge in the muffin-tin spheres are very flat and stable just
Al contacts on the chemically treated GaN surface lead tafter the interface N atom, which shares bonds with both Ga
perfect Ohmic behavior, the deposition of Al on the cleanand Al. These results unambiguously show the absence of an
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0.3 w conditions. Therefore, the GaN/AIN VBO value obtaifetf
: for the substrate with average lattice constaa, (=8.35
: a.u) is expected to decrease when the substrate lattice con-
05 : stant is increased up to the GaN valag =8.47 a.u).. This
‘: is in excellent agreement with the small difference
-~ 04 ! [A(AE,)~ 0.1 eV] observed between the VBOs obtained in

Refs. 54 and 55 and the present work.

A We note that the transitivity ruté (whose validity is well
0.6 ! established for [001] homopolar semiconductor

*‘ heterojunction®°8 under the same strain conditionalso

: seems to be reasonably satisfied for this metal/semiconductor
Bk wet. Bk interface. In fact, as shown in Table Il, thetype SBH in the
o " N-terminated GaN/Al and AIN/AI junctions arég =1.12

FIG. 4. Planar average of the charge density of the GaN/Aley and 1.80 eV, respectivelfneglecting quasiparticle cor-

superlattice(solid ling) and of bulk GaN and Al, in the respective yactiong, so that application of the transitivity rule leads to
regions (short dashed line The two lines can hardly be distin- AEtU'a”S(GaN/AIN)GaN «b=0.68 eV (with the GaN VBM

guished(see the discussion in the t¢xBy convention, the interface . . .
plane is placed halfway in the N-Al bond, i.e., in between atoms 1d1|gher in energy than the AIN VBM to be compared with

-0.1

and 11 of Fig. 2. our ab initio calculated result obtained for the VBO in the
GaN/AIN interface, AE® ™ GaN/AIN)gan sups=0.76 €V
important bending in the effective potenttl. (see Table ).

The most direct way of visualizing interface effects on the In order to investigate the dependence of the transitivity
electron density is to compare the superlattice planar chargeile upon the interface bond lengths, we performed FLAPW
density and the planar charge densities of the two bulk maealculations for three additional N-terminated structutesa
terials, in their respective regions. This plot, shown in Fig. 4,GaN/Al interface in whichdgﬂ'_‘Nz igta_N: nt,=3.67 a.u.

has of coursao physical meaning in terms of interface di- gpq d'e"39-5 60 a.u.;(ii) an AIN/Al interface obtained from

pole, and no quantitative information can be obtained fromm by a complete Ga- Al substitution on the semiconductor

It. Still, it contains a Cle_ar message. right away from .theside; and(iii) a GaN/AIN heterojunction, in Whicmgﬂ'_‘,\,
interface, already at the first atomic N and Al interface sites, e

- interf __ tetrag__ ; _
the charge density resumes its bulk value. In fact, what we_~GaN™ dar-n=dan =367 a.u. Note that in all these ad

see in Fig. 4 is the fulfillment of the wave-function continu- ditional structures, we did not consider any tetragonal or in-
ity requirement(of course, dependent on the particular metaltérfacial relaxation in order to simulate an hypothetically
and the interface orientatianThe profile of core levels in  “lattice-matched” GaN/AIN/Al system. In this case, we
Fig. 3 is perfectly consistent with Fig. 4. However, Fig. 4 found that the transitivity rule was completely fulfilled
may seem in contrast with Fig.(&, showing that MIGS'’s (within 0.02 e\). This is perfectly consistent with the results
extend over a larger distance scale. As a matter of fact, a@btained for the lattice-matched GaAs/AlAs/Al cdde,
cording to Ref. 28, these results only imply that, away fromwhere the transitivity rule for the anion-terminated case
the interface, the occupied gap states get most of their spewas found to be satisfied within 0.03 eV. Therefore, the 0.08
tral weight from the semiconductor valence band. These obeV discrepancy between oab initio results for the relaxed
servations might be consistent with a Fermi-level pinning instructures [AEgb NI GaN/AIN)gay sups=0.76
proximity of the charge neutrality level, as observed in thegy] and the value predicted by the transitivity rule
expenmept&.l Hoyvever, at present, we do not have d're?t[AEtura”S(GaN/AIN)GaN «ub=0.68 eVl must be ascribed to
computational evidence to support this statement quantitajitarent atomic relaxations at the interfaces.

tively. : : ; .
Finally, we would like to point out that the behavior of the
Table Il also reports the calculated SBH for the AIN/Al g, oo A1 anckKN (X=Ga, A is similar to the re-

junction, and the valence-band offset at the GaN/AIN hetero-

junction, both grown on a GaN substrate. Unfortunately, aitlmsl Obta't'?edl n I?hef' %3 forstglce_'SBH ]?f ﬁlﬁa?@}s (X:G%’
least to our knowledge, no experimental results are available )- In particular, thep-type was fountt o increase by

for these systems. However, we can compare our calculatétp much as 0.6 eV when going from QaAs to AlAs, in
VBO (AE,=0.76 eV} with other ab initio theoretical®5® generggl)ly goqd _ agreement with gxpenmental measure-
results obtained fof001] ordered interfaces between zinc- MeNts:™ In a similar way, as shown in Table I, our calcu-
blende GaN and AIN grown on an average substrate. In paf@tédp-type SBH increases by 0.68 eV in going from GaN to
ticular, Wei and Zungéf obtainedAE,=0.84 eV, whereas

Albanesi, Lambrecht, and SegélbbtainedAE,=0.85 eV.

Our value is expected to be perfectly consistent with these

results. In fact, strain effects due to the 3% lattice mismatch IV. CONCLUSIONS

between GaN and AIN, are expected to change the VBO by

less than 0.2 eV Moreover(see, for example Refs. 25 and ~ We performed FLAPW calculations for the defect-free
56), it was shown that the VBO decreases as the substratomically abrupt relaxed GaN/Al junction. We discussed
lattice constant is increased, since thalk contribution the electronic properties of the interface through the atomic
(rather than thenterfaceone is strongly affected by strain site-projected DOS as a function of the distance from the
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interface. We found that there are gap stdteainly arising  culatedp-type barrier heigh@5p~ 1.8 eV. Finally, we found
from the metallic wave function tailing into the semiconduc- that the transitivity rule for the interfaces considered is sat-
tor energy gapwhich are strongly localized at the interface; isfied within less than 0.1 eV.

our estimated MIGS decay length { 3.59 a.u) is signifi-
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