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Ab initio full-potential linearized augmented plane-wave~FLAPW! calculations have been used to study the
influence of the interface morphology and, notably, of the exchange reaction on the electronic properties of
Al/GaN ~100! interfaces. Although the detailed mechanism is not understood, the exchange reaction has been
purported to influence the Schottky barrier height~SBH! as a result of the formation of an interfacial
GaxAl12xN layer. In particular, the effects of interface structure~i.e., interfacial bond lengths, semiconductor
surface polarity, and reacted intralayers! on the SBH at the Al/GaN~001! junction are specifically addressed.
Thus, the electronic structure of the following atomic configurations have been investigated theoretically:~i! an
abrupt, relaxed GaN/Al interface;~ii ! an interface that has undergone one monolayer of exchange reaction; and
interfaces with a monolayer-thick interlayer of~iii ! AlN and ~iv! Ga0.5Al0.5N. The exchange reaction is found
to be exothermic with an enthalpy of 0.1 eV/atom. We find that the first few layers of semiconductor are
metallic due to the tailing of metal-induced gap states; therefore, the presence of a monolayer-thick interfacial
alloy layer does not result in an enhanced band gap near the interface. Intermixed interfaces are found to pin
the interface Fermi level at a position not significantly different from that of an abrupt interface. Our calcula-
tions also show that the interface band lineup is not strongly dependent on the interface morphology changes
studied. Thep type SBH is reduced by less than 0.1 eV if the GaN surface is Ga terminated compared to the
N terminated one. Moreover, we show that both an ultrathin GaxAl12xN ~x50, 0.5! intralayer and a Ga↔Al
atomic swap at the interface do not significantly affect the Schottky barrier height.@S0163-1829~98!07335-4#
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I. INTRODUCTION

In the last few decades, a significant number of stud
have investigated metal/semiconductor interfaces, due to
key role played by ohmic and Schottky contacts in tech
logical III-V semiconductor devices. However, from both t
experimental and the theoretical points of view, the fun
mental mechanism involved in the Schottky barrier form
tion has not been fully elucidated.1–4

Al/III-V semiconductor junctions have been the most e
tensively studied interfaces to date. This has occurred du
both practical and fundamental reasons. Al contacts are
expensive to manufacture and have stable electrical, ch
cal, and structural characteristics at moderate temperatu5

Al contacts also are of practical interest since they are c
monly used in III-V commercial device technology, partic
larly as the gate of field effect devices.

In the field of ab initio computational physics, man
works have addressed band alignment at semicondu
heterojunctions,6 whereas few calculations have studied t
barrier height of metal/semiconductor interfaces. Al has b
PRB 580163-1829/98/58~12!/7906~7!/$15.00
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used almost exclusively as the metal layer in theoretical
vestigations of metal/semiconductor contacts.7–12 This arose
because Al is found to be advantageous since it lacksd elec-
trons, forms a free-electron metal, and lattice matches a n
ber of III-V semiconductors. Recently, the GW method h
been used to study the Al/GaAs interface.12

More recently, theoretical work on III-V interfaces dem
onstrated that the pressure-induced barrier height cha
can be used to critically determine the nature of the sta
that pin metal/III-V interfaces.13,14 Experimental measure
ments of the pressure-induced change in Al/GaAs and
AlGaAs barrier heights are consistent with defect-fr
interfaces,13,15 validating Al/III-V interfaces as a model sys
tem. In contrast, Au, a metal that reacts with GaAs to rele
near-interfacial As at GaAs interfaces, exhibits pressu
induced barrier height changes consistent with an interf
decorated with a deep-level point-defect, such as the As
tisite (AsGa).

15 Because GaN solid is significantly mor
stable than GaAs, the Fermi-level pinning position of A
GaN interfaces would also be expected to be determined
the properties of interfaces without deep-level defects.
7906 © 1998 The American Physical Society
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In the study reported here, we start an investigation of
important aspect of Schottky barriers that only recently
begun to be explored using modern electronic structure
culations: the role that interface chemical exchange play
the electrical and electronic properties of interfaces. Al/G
interfaces were used in this study due to the well-kno
chemistry and atomic structure of the interface. GaN16

GaAs,17 and InP,18 among others, are found to exhibit a
exchange reaction in which Al replaces the Group III e
ment at the surface. The extent of the reaction is found to
of the order of a monolayer for unannealed contacts
increases at elevated annealing temperatures.19 Changes in
the electrical properties, as reported in a large numbe
III-V studies, have attributed the increase in the barrier forn-
type semiconductors to the increased band gap.20 However, a
more recent study on bothn-type andp-type contacts indi-
cates that the observed behavior can be attributed to a sh
interfacial Fermi-level pinning position, rather than due
the formation of an increase in interfacial band gap.21 A
strong fundamental understanding of the influence of
chemical reaction on the interface electronic structure has
yet been established.

Density functional calculations are able to quantitative
address many of the questions including the energetics o
exchange reaction, the nature and extent of the me
induced gap states~MIGS! and the role of the larger ban
gap AlGaN interface layer on the interface electronic str
ture. In a previous work,22 we performedab initio calcula-
tions to determine the electronic properties of the@001# or-
dered atomically abrupt N-terminated XN/Al~X5Ga,Al!
interface, focusing mainly on the Schottky barrier height a
the resulting interface states. In the work reported here,
structural and electronic properties of several Al/GaN int
face configurations are investigated. In particular, the effe
of interface structure~i.e., interfacial bond lengths, semicon
ductor surface polarity, and reacted intralayers! on the
Schottky barrier height~SBH! at the Al/GaN~001! junction
are specifically addressed. It should be noted that some
perimental results16 are available for the~0001! wurtzite
GaN/Al interface and that some caution has to be taken
comparing our results with the experiments, since the po
ization effects and the different coordinations of the surfa
bonds may both play a role in determining the structural a
electronic properties.

Starting from the atomically abrupt N-terminated GaN/
junction ~in the following denoted as theA structure!, we
consider four other different interface morphologies:~i! the
ideal, abrupt, relaxed Ga-terminated GaN/Al interface (B);
~ii ! the configuration with an AlN intralayer (C); ~iii ! the
configuration in which an Al atom has undergone an
change reaction with a surface Ga atom (D), and finally~iv!
the configuration with a Ga0.5Al0.5N alloy layer at the inter-
face (E). Our calculations show that the interface band li
up is not strongly dependent on the interface morphology
particular, we find that the exchange reaction is found to
exothermic with an enthalpy of 0.1 eV/atom. We show th
both an ultrathin GaxAl12xN ~x50, 0.5! intralayer and a
Ga↔Al atomic swap at the interface does not significan
affect thep-type SBH. Thep-type SBH is smaller by 0.1 eV
for a Ga-terminated surface than a N-terminated one.

In Sec. II, we describe the theoretical method and
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atomic configurations used in this study. In Sec. III, we d
cuss our results, focusing in Sec. III A on the structural pro
erties~i.e., equilibrium atomic distances, nature of the inte
face bonds—metallic versus covalent! whereas in Sec. III B
we discuss effects of the interface morphology on the in
face states and the resulting SBH. Finally, our results
summarized in Sec. IV.

II. COMPUTATIONAL METHOD AND ATOMIC
CONFIGURATIONS USED IN CALCULATIONS

First principles full-potential linearized augmented plan
wave ~FLAPW!23 calculations within the local-density ap
proximation to density-functional theory24 were used in this
work. Plane waves with wave vector up toKmax54.6 a.u.,
leading to about 5000 basis functions, were used. Ang
momenta up to l max58 in the muffin tin spheres
~RGa5RAl52.1 a.u.RN51.4 a.u.! for both wave functions
and charge density were used in the self-consistency cyc
Three specialk points, obtained following the Monkhorst
Pack scheme,25 were used to sample the tetragonal Brillou
zone.

The widely adopted supercell approach was used to si
late the different types of interfaces. In particular, we p
formed ab initio calculations for supercells containin
15 GaN17 Al (13 GaN17 Al) layers in the N-terminated
~Ga-terminated! case. The thickness of these layers is su
ciently large enough that the metal and semiconductor lay
farthest from the interfaces have properties similar to
bulk ~see below!.

The method employed to evaluate the SBH uses the m
and semiconductor atomic core levels as reference ene
located sufficiently far from the interface to have bulk-lik
bandstructure. In particular, the SBH can be expressed
FBp

5Db1DEb , where Db and DEb indicate an ‘‘inter-
face’’ and ‘‘bulk’’ contribution, respectively~see Ref. 22 for
details in the GaN/Al case!. This simple procedure is com
monly used inab initio all-electron calculations to evaluat
the interface band line up at semiconductor heterojuncti
or metal/semiconductor junctions. We considered all
structures for a cubic~i.e., zincblende! @001# ordered GaN
substrate, with a calculated lattice constantasubs5aGaN
58.47 a.u..26 Further structural details can be found in Re
22. All the structures considered are shown in Fig. 1 a
summarized in Table I.

The choice of these structures~in particular theC, D, and
E systems! has been suggested by a recent surface inves
tion of Al films deposited on wurtzite GaN(0001)-(131)
surfaces,16 reporting that the interface is very reactive. It w
experimentally observed, in fact, that metallic Ga was
leased from the interface after monolayer depositions of
This suggests that an exchange reaction occurs in which
Al atom replaces the group-III element within the semico
ductor, in analogy to that found for GaAs~Ref. 17! and InP
~Ref. 18!. After repeated cycles of Al deposition and anne
ing, evidence was found16 for the presence of a GaxAl12xN
alloy interfacial layer.

In Table I ~structureE! the interface plane Xi indicates
the fcc cationic sites occupied either by Ga or Al~50% of Ga
and 50% of Al!, with an ordered superstructure that aims
simulate the Ga0.5Al0.5N alloy. In this case, we consider
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FIG. 1. Different interface geometries considered. Small squares regions indicate the GaN substrate; large square regions repre
overlayer. Abrupt GaN/Al N-terminated interface—systemA @panel ~a!#; abrupt GaN/Al Ga-terminated interface—systemB @panel ~b!#;
AlN intralayer—systemC @panel~c!#; systemD showing the Ga↔Al atomic swap@panel~d!#; GaAlN alloy intralayer—systemE @panel
~e!#.
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supercell with doubled dimensions in thex–y plane. The
resulting increase in the computational cost was comp
sated for by reducing the thickness of the supercell~i.e.,
11 GaN15 Al layers!. This is expected to affect the fina
value of the SBH, since bulk conditions in the thinner Ga
and Al regions may not be completely recovered~see be-
low!. However, the effects of the alloy Ga0.5Al0.5N intralayer
on the structural and electronic properties can be determ
by comparing the results to the ideal atomically abrupt
terminated GaN/Al interface having the same size and
plane dimensions; the only difference between them be
the last cationic plane of the semiconductor side, which
made of 50% Ga and 50% Al atoms and all Ga atoms, in
first and second case, respectively.

For configurationsA-D, structural relaxations along th
@001# direction were performed according toab initio atomic
forces.27 Other degrees of freedom including in-plane atom
relaxations and formation of extended defects, such as d
cations, were neglected. In the case of configurationE, due
to onerous computational costs for the in-plane doubled
percells, structural minimization was not performed. Inste
the calculated interplanar distance from structureA was
used. Despite this limitation, the comparison of the res
for configurationsA-E can be used to determine the depe
dence of the interfacial electronic properties on the chemi
and structure of the interface.

III. RESULTS AND DISCUSSION

A. Stability and structural properties

Since the supercells do not have the same number of
atomic species, a fully consistent determination of the re
tive stability of the configurations is in general not possib
from the superlattice calculations alone.28 The problem can
n-
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be avoided by obtaining the chemical potentialsm of the
atomic species of pure solids from independent total ene
calculations. However, the problem of biggest interest in
present contest is the one of the exchange reaction, and
can get the relevant figure by comparing the ideal
terminated interface (A) with the structure showing the
Ga↔Al swap (D), since the two supercells contain the sam
number of atoms of the same species. As for the Ga v
termination, this problem is of more concern in the study
the GaN surface, and has already been addressed in
literature.29 As shown in Ref. 22 and mentioned earlier
this work, the atomic forces acting on the interface Ali in
configurationA do not decrease thezAl i2Ni

pushing the Al

towards the GaN region. Instead, we find an equilibriu
structure having a bond lengthdAl i2Ni

larger than bothdAl2N
bulk

anddGa2N
bulk ~wheredX2N

bulk ~X5Ga, Al! denotes the bulk bond
length of XN!. However, our calculations show that the tot
energy of configurationD is lower ~by about 0.1 eV/atom!
than the total energy of structureA, confirming that the
Ga↔Al exchange reaction observed experimentally16 is en-
ergetically favorable. Intuitively, this can be understood
noting that the AlN bond has a significantly higher bo
energy than GaN. We note that a further displacement of
inside the Al overlayer will imply a more ionic N-Al inter-
face bond~greater cohesive energy!, and one more partially
covalent Ga-Al bond on the metal side. We can theref
reasonably expect that such an exchange will lead to a
ther total energy reduction. The heat of formation for t
Al/GaN exchange reaction is significantly less than the v
ues predicted for the Al/GaAs system by Ihm~0.48 eV! ~Ref.
9! and Swarts~0.62 eV! ~Ref. 10!.

The theoretically-determined interplanar distances alo
the @001# direction are summarized in Table I. Since th
TABLE I. Structural parameters for the configurations examined~all values in atomic units!.

Sys. Interface configuration and interplanar atomic distances

A Gai←2.12→Ni←2.17→Al i←3.67→Al
B Ni←2.23→Gai←3.04→Al i←3.67→Al
C Gai←2.12→Ni

1←2.12→Al i
1←2.13→Ni

2←2.17→Al i
2←3.67→Al

D Gai←2.12→Ni
1←2.12→Al i

1←2.12→Ni
2←2.12→Gai

2←3.00→Al i
2←3.67→Al

E Gai←2.12→Ni
1←2.12→Xi←2.12→Ni

2←2.17→Al i
2←3.67→Al
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electronic properties of configurationA have been discusse
in a previous work,22 we describe these results only in com
parison with the other configurations. In the atomica
abrupt interfaceB, the interplanar distance in the last Ga
plane (DzGai2Ni

52.23 a.u.) is larger than in bulk GaN~2.12

a.u.!, which indicates that the interface GaiNi covalent bond
is weakened with respect to the GaN bond in the bulk. T
can be explained in terms of thehalf-metal/half-
semiconductorcharacter of the interface Gai atom. In fact, as
already pointed out in Ref. 22 for theA configuration, the
interface cation~i.e., Ali and Gai in the A and B case, re-
spectively! forms with the other Al atoms a metallic bond
which reduces its possibility of fullsp3 hybridization, thus
weakening the covalent character of the N-cation bond
similar mechanism is also responsible for making the in
planar distanceDzN

i
2Al

i
2 larger for theC configuration than

DzAl
i
1N

i
2. In order to substantiate this, we report in Figs. 2~a!

and 2~b! the charge density contour plots relative to theB
configuration for the bulk Al atoms and the interface Gai-Al i

atoms, respectively. The interface Gai-Al i bond is predomi-
nantly metallic, although it is slightly different from the pur

FIG. 2. Valence charge density projected on planes cutting
ferent interface bonds:~a! bulk Al atoms in configurationB; ~b!
Gai-Al i atoms in configurationB; ~c! Gai

2-Al i
2 atoms in configura-

tion D. Contour lines are spaced by 0.01 electrons/cell.
is

A
r-

Al-Al bond, due to different Ga and Al electronegativitie
@compare Figs. 2~a! and 2~b!#.

In Fig. 2~c! we report the charge density contour plots f
the interface Gai

2 and Ali
2 atoms in configurationD; the simi-

larity of panels~b! and~c! in Fig. 1 shows that the Ga atom
released in the swap mechanism tends to form metallic b
with the deposited Al atoms. This is consistent with the
sults fromab initio atomic forces, which give an interplana
distance for interfaceD nearly equal~within 1%! to that in
the B configuration~see Table I!. We note that the results
obtained in the present work for configurationB are similar
to those obtained fromab initio pseudopotential calculation
performed for the Ga-terminated Al/GaAs~001!
interface:30,31 the top Ga atomic layer was found to rela
outwards, thus elongating the interface Ga-As bonds, a
result of metallization of the Ga-Al layer.

Table I shows that in the fully relaxedC configuration,
the Ni

1-Al i
1 and Ali

1-Ni
2 interplanar distances (DzAl

i
12Ni

;2.12 a.u.) are equal to the interplanar distance (DzGai2Ni

;2.12 a.u.) in configurationA. On the other hand, the loca
density approximation~LDA !-calculated equilibrium inter-
planar distance for tetragonal AlN with the in-plane latti
constant fixed to that of the GaN substrate
DzAl2N

tetrag52.00 a.u., leading to a bond lengt
dAl2N

tetrag53.60 a.u.22

Therefore, our structural results regarding configurationC
suggest that the AlN intralayer, constrained on a GaN s
strate, cannot attain the equilibrium tetragonal bond len
within one layer. Instead, when Al replaces the surface
atom, the Al is found to occupy the same position witho
significant structural relaxation. Based on these results,
can reasonably expect a similar situation in the case of c
figurationE, with the Al atoms of the Ga0.5Al0.5N layer sub-
stituting 50% of the Ga atomic sites without appreciab
modifying the bond lengths, thus excluding the possibility
buckling effects. Hence, the unrelaxedE configuration,
whose interplanar distances are set to those of configura
A, should not be radically different from the fully relaxe
structure.

B. Schottky barrier heights

This subsection focuses on the influence of the interf
morphology on the SBH. We recall that for the GaN/Al in
terface we found that the metal-induced gap states~MIGS!
tail into the semiconductor side with a decay length of ab
l;3.5 a.u.;22 in fact, in the present cases we find that t
first few layers of the semiconductor have metallic charac
For this reason, the presence of a monolayer-thick interfa
alloy layer does not result in an enhanced band gap nea
interface. As a consequence, in this case changes in the
trical properties arise from shifts in the interface Fermi-lev
pinning position within the GaN band gap. Table II lists o
theoretical results for thep-type SBHFBp

5EF2EVBM cal-

culated as the difference between the Fermi level (EF) and
the GaN valence-band maximum (EVBM) sufficiently far
from the interface. Note that then-type SBH,FBn

, can be

obtained from thep-type SBH through the following relation

FBn
5Egap2FBp

,

f-
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TABLE II. p-type Schottky barrier heights for the differentn GaN1m Al interfaces~values in eV!.

n1m
A

GaN/Al N-term.
B

GaN/Al Ga-term.
C

AlN intral.
D

Ga↔Al swap
E

Ga0.5Al0.5N intral.

1517 1.12 1.06 1.07 1.11
1115 1.30 1.30
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Egap being the experimental semiconductor band-gap ene
@Egap

expt~GaN!53.39 eV#.32,16

We point out that all the results reported in the first row
Table II refer to supercells with 15 GaN17 Al layers. In or-
der to check the convergence of our SBH values as a fu
tion of the cell dimensions, we also performed calculatio
for a larger supercell, containing 19 GaN19 Al layers. From
this case,22 we obtained variations of the SBH of less th
0.02 eV, showing that bulk conditions are well recover
also in the smaller 15 GaN17 Al supercell. Note also tha
for configuration A we used an even smaller cell siz
~11 GaN15 Al layers—see the second row in Table II! in
order to compare with configurationE, which due to the
in-plane doubling of the cell was calculated with a shor
periodicity along the growth direction. The different valu
~by about 0.2 eV! obtained for the 15 GaN17 Al ~configu-
ration A, first row! with respect to the 11 GaN15 Al ~con-
figurationA, second row! is related to the insufficient thick
nesses considered. However, this is not going to affect
conclusions, since in this case we are interested in S
trends rather than absolute values. The results show
Table II do not includequasi-particle corrections ~DQP
'0.1 eV22! related to the difference in screening on the tw
sides of the interface. This correction should be added to
p-type SBH value before a direct comparison to experim
is made.

Our calculations show that the interface band line up
not strongly dependent on the interface morphology and
all the SBH values found are in qualitative agreement w
the experimental value reported for the atomically cle
wurtzite–GaN/Al interface.16 We first discuss the results ob
tained for the two atomically abrupt defect-free interfac
~configurationsA and B!. Table II shows that thep-type
SBH is only slightly reduced~by 0.05 eV, of the same orde
of magnitude of our numerical precision! in going from the
N- to the Ga-terminated interface. Similar results13,30 were
obtained for the GaAs/Al interface, where thep-type SBH
was found to be reduced by as much as 0.1 eV in going fr
the As- to the Ga-terminated case, in agreement w
experiment.33,34 This trend was attributed35 to the higher
electron affinity of the anion-terminated compared to
cation-terminated interface, which tends to lower then-type
SBH.

If we compare the SBH values for theA andC configu-
rations, we note that thep-type SBH is almost unaffected b
the presence of the AlN intralayer~the 0.05 eV difference
being of the order of our numerical precision!. Let us explain
our findings. Since the resulting structural relaxations
negligible, theA andC structures differ significantly only for
the chemical influence of the Al atom’s presence in the la
closest to the interface. We have calculated the differe
between the double macroscopic average of the vale
charge density for theA and C structures@denoted in the
y
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following as n% diff
A2C(z)#. A large difference in the interfacia

dipole was not observed due to the similarity of the ele
tronegativity of the Ga and Al species. We evaluated its e
and odd contribution relative to the substituted cation po
tion taken as zero. The even contribution ofn% diff

A2C(z) repre-
sents the chemical difference between Ga and Al~e.g., the
different atomic wave functions! and, being a quadrupola
periodic charge~the monopole term of the electronic pa
being exactly compensated by the nuclear part!, that is peri-
odic alongx andy but monolayer thick alongz, it does not
give rise to any potential discontinuity, which could affe
the SBH. On the other hand, the odd contribution is expec
to represent the charge rearrangement due to chemical
stitution, which should give rise to charge depletion accum
lation or, equivalently, to an extra dipole that may mod
the GaN/Al SBH. Such a dipole can only arise from t
asymmetry around the substituted cation~due to the presence
of the interface!, and therefore represents a next neare
neighbors effect. In Fig. 3, we show the even~solid line! and
odd ~dashed line! terms ofn% diff

A2C(z); it is clear that the odd
contribution is very small, relative to the even one. The
fore, as expected,n% diff

A2C(z) does not modify the final SBH
between GaN and Al.~Similar results were obtained from
first principles calculations performed on the GaAs/
system.!30

Let us now consider configurationE. Since we have just
shown that the presence of an interface AlN layer~configu-
ration C! in place of the usual GaN layer~configurationA!
does not modify the SBH, in a similar way we expect that t
presence of an interface Ga0.5Al0.5N layer will not affect the
final SBH as well. This is exactly what happens, as shown
an essentially identical SBH for configurationsA andE ~see
Table II, second row!.

We now discuss the transitivity rule36 for configurationC.
In Ref. 22 we showed that this simple rule in theabrupt

FIG. 3. Even~solid line! and odd~dashed line! contributions to
ndiff

A2C(z), defined as the difference between the double macrosc
average of the valence charge density for theA and C configura-
tions. Units in electrons/basis-area.
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system is fulfilled almost exactly for hypothethically ‘‘lattic
matched’’ systems. In contrast, the difference in lattice c
stants inherent to the GaN/AlN/Al system was seen to p
duce deviations of about 0.1 eV, due to differences in str
tural interface relaxations.22 Let us now observe tha
configurationC can be seen as a sequence of two interfa
~as far as a single monolayer may represent most of elec
static potential line up!: a GaN/AlN heterojunction and a
AlN/Al semiconductor/metal interface. According to th
transitivity rule and recalling the results obtained for the p
tential discontinuity in the AlN/Al and GaN/AlN cases,22 we
should therefore obtain:FBp

(GaN/Al)5FBp
(AlN/Al)

2DEv(GaN/AlN)51.8020.7651.04 eV, which is in ex-
cellent agreement with our FLAPW result,FBp

C (GaN/Al)

51.07 eV.
Now consider theD structure; note that itsp-type SBH is

very similar to the value obtained for the other structur
This can be explained considering that theD and B struc-
tures differ essentially by the isovalent substitution Ga↔Al
in the semiconductor layer closest to the interface. As sho
for the A andC structures, the AlN intralayer does not alt
appreciably the SBH; a similar situation can therefore
expected upon going from theB to theD structures, as ac
tually found in Table II. In more detail, the SBH variation o
going fromB to D has opposite sign, relative to the one se
on going fromA to C; this may be related to slightly differ
ent atomic relaxations in the two cases.

Let us now discuss how the SBH can be altered by d
placing the atoms in the metallic side of the interface.
order to investigate this subject, we make use of the B
effective charges (Z* ) concept,Z* being the dipole linearly
induced by a unitary displacement of a single ion in an o
erwise perfect crystal.37 According to Ref. 38, if an atom
with Z* is displaced by an amountu from its equilibrium
position, the resulting SBH change can be expressed
DV58pe2Z* u/(«`a2), where«` is the dielectric constan
anda is the cubic lattice constant of the medium. Of cour
it is expected that in a metal,Z* vanishes due to perfec
screening. In order to evaluate theZ* of the metallic Ga and
Al atoms, we performed FLAPW calculations for som
D-type structures, obtained by varying the interface dista
between the Gai

2 and Ali
1 atoms with respect to the equilib

rium distance. We found, takingu as large asu50.6 a.u.,
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that the variation of the SBH was less than 0.05 eV. T
confirms, as expected, that theZ* for the metallic atoms is
nearly vanishing and that variations of the SBH as a funct
of the displacements of the metallic atoms in the metal s
are therefore negligible.

IV. CONCLUSIONS

First principles calculations have been performed for
GaN/Al junction, considering various interface morphol
gies, namely different atomic terminations for GaN, interfa
atomic exchanges and GaxAl12xN intralayers. Our results
show that the Ga↔Al atomic exchange has an enthalp
change of 0.1 eV per atom.

We find that the first few layers of semiconductor a
metallic due to the penetration of MIGS. For this reason,
presence of ultra-thin intralayers does not result in a ba
gap enhancement near the interface. In addition, the eff
of the interface configuration on the electrical properties
the junction are found to be negligible: the Schottky barr
height varies by less than 0.1 eV, changing the interf
morphology. In particular, we found that thep-type Schottky
barrier height is only slightly reduced by the presence of~i! a
Ga-termination of the semiconductor side of the junction,~ii !
a Ga↔Al atomic swap at the immediate interface, and~iii ! a
GaxAl12xN ~x50.5, 1! intralayer. Changes in the SBH ar
explained in terms of the different character of the interfa
bonds in the two Ga- and N-terminated atomically abru
cases and of the GaxAl12xN ~x50.5, 1! intralayer electronic
properties. Our results show good agreement with other
oretical values for thep-type SBH obtained for the simila
GaAs/Al system.
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