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Metal-induced gap states and Schottky barrier heights at nonreactive GaNÕnoble-metal interfaces
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We presentab initio local density FLAPW calculations on nonreactive N-terminated@001# ordered GaN/Ag
and GaN/Au interfaces and compare the results~such as metal induced gap states and Schottky barrier heights!
with those obtained for GaN/Al, in order to understand the dependence of the relevant electronic properties on
the deposited metal. Our results show that the density-of-gap states is appreciable only in the first semicon-
ductor layer close to the interface. The decay length of the gap states in the semiconductor side is about 2.0
60.1 Å and is independent of the deposited metal, therefore being to a good extent a bulk property of GaN.
Our calculated values of the Schottky barrier heights areFBp

(GaN/Ag)50.87 eV andFBp
(GaN/Au)

51.08 eV; both values are smaller than the GaN/Al value@FBp
(GaN/Al)51.51 eV# and this quite large

spread of values excludes the possibility of a Fermi-level pinning within the GaN band gap. Because of the low
screening in GaN, the potential barrier at the junction is strongly affected by the structural arrangement of the
first metal layer at the interface. This leads to quite large variations of the Schottky barrier height as a function
of the metal, in contrast with the behavior of GaAs/metal interfaces.
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I. INTRODUCTION

GaN has certainly been one of the most studied co
pounds in the last few years, mainly because of both in
esting optical properties and remarkable thermal stabi
which render this semiconductor particularly suitable for i
portant technological applications. As is well known, ho
ever, device performances depend on good metallic cont
and so the study of Schottky barrier heights~SBH! in GaN/
metal systems is of great relevance: as an example, the
formance of GaN-based laser diodes is still limited by
difficulty in making low-resistance Ohmic contacts. In th
regard, surface reactivity and the presence of interface s
are also seen to play a relevant role in Schottky barrier
mation.

In a previous work, we investigated the GaN/Al syste
which is considered to be areactive interface due to the
Ga–Al exchange reaction driven by AlN formation at t
immediate interface; we studied the ideal interface,1 as well
as the effects on the interface properties of some def
~such as atomic swap and GaxAl12xN intralayers2! at the
initial stages of the SBH formation.3

In the present paper, we report results ofab initio calcu-
lations for GaN/M interfaces~with M 5 Ag, Au! which are
considered to be nonreactive4 and compare the results~such
as metal induced gap states~MIGS! and SBH with those
obtained for GaN/Al, in order to understand the depende
of the relevant electronic properties on the deposited me
The interest in studying noble-metal contacts resides in
derstanding the effect of thed states on the Fermi-level po
PRB 610163-1829/2000/61~24!/16736~7!/$15.00
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sition, which has been thought to be relevant in the case
GaAs interfaces.5 Moreover, we investigate the role of th
atomic positions in the interface region in determining t
final SBH values: starting from GaN/Al, lineups differing b
as much as 0.80 eV can be produced by changing the in
face N-metal interplanar distance from its equilibrium val
to that corresponding to the GaN-Ag interface; as a res
the Schottky barrier height is brought to a value very close
that obtained for GaN/Ag. This leads to the conclusion t
strain effects, mainly affecting the magnitude of the interfa
dipole, play a major role in determining the final SBH at t
GaN/metal interface.

II. TECHNICAL DETAILS

The calculations were performed using the all-electr
full-potential linearized augmented plane wave~FLAPW!6

method within density functional theory in the local dens
approximation~LDA !. We used a basis set of plane wav
with wave vector up toKmax53.9 a.u., leading to about 220
basis functions and for the potential and the charge den
we used an angular momentum expansion up tol max56;
tests performed by increasingl max up to 8 showed changes i
the Schottky barrier height of less than 0.03 eV. T
Brillouin-zone sampling was performed using 10 speciak
points according to the Monkhorst-Pack scheme.7 The
muffin-tin radii RMT , for Au and Ag were chosen equal t
2.1 a.u., while for Ga and N we usedRMT51.96 and 1.65
a.u., respectively. We have considered supercells contai
15 GaN layers~8 N and 7 Ga atoms! and 9 metal layers; test
16 736 ©2000 The American Physical Society
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TABLE I. Interplanar distances~in Å! between the different atomic planes in the GaN/Al, GaN/Ag, a
GaN/Au interfaces. Values in parentheses are taken from Ref. 1.

dint
Ga2N dint

N2M dint
M2M dbulk

M2M dMTE
M2M

GaN/Al 1.11~1.12! 1.11 ~1.15! 1.88 ~1.94! 1.64 ~1.94! 1.78
GaN/Au 1.10 1.34 1.77 1.68 1.70
GaN/Ag 1.07 1.32 1.60 1.64 1.75
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performed on the cell dimensions have shown that bulk c
ditions are well recovered far from the interface using t
1519 layer cell size~see discussion below!.

III. STRUCTURAL PROPERTIES

GaN is well known to show polytypism between the zi
blende and the wurtzite phase, so that either one can be
ily stabilized; we therefore concentrate on@001# ordered
N-terminated zinc blende interfaces in order to avoid
contribution of spontaneous polarization effects inside G
that might contribute to the Schottky barrier height. Our g
is in fact to investigate the role played by the different met
in determining the position of the Fermi level within th
semiconductor band gap. We considered the metal as gr
epitaxially on a GaN substrate (asubs5aGaN54.482 Å).
Given the bulk lattice constants of the three metals,aAl
54.05 Å, aAg54.09 Å, andaAu54.08 Å, all the metals con
sidered show a quite large mismatch with the GaN substr
ranging from 8.8% in the case of fcc-Ag up to 9.6% in t
case of fcc-Al. In all cases, their lattice constants are sma
than that of the substrate, which implies that apprecia
bond-length relaxations are expected for the metal over
ers. We calculated the most stable structures, assum
pseudomorphic growth conditions~an assumption commo
to all first principlesapproaches to these problems, since i
the only one that allows calculations to be performed! and a
geometry in which the metal atoms simply replace the
atoms on their fcc sites, using total-energy minimization a
theab initio forces calculated on each atomic site to find t
equilibrium values of the interface Ga-N, N-M, and M-M
interplanar distances. In-plane relaxations, as well as the
sibility of in-plane reconstruction of the GaN surface, befo
or during metal deposition, were neglected. Of course,
occurrence of such effects may strongly modify the cal
lated values of the Schottky barrier heights which, as we w
show, are very sensitive to the details of the interface m
phology. In this paper, however, we are interested mostl
studying the effect of the metal overlayer on the interfa
GaN/M electronic properties rather than determining
structural configurations that may occur experimentally.

Our structural data are reported in Table I. Due to
refinement8 of our previous calculations on the GaN/Al sy
tem, the data listed in Table I for this system differ fro
those already published;1 the largest change occurs for th
Al-Al bulk interplanar distance. For clarity, we report ou
previous results in parenthesis in this same table. Let us
cus on the structural rearrangement of Al, Ag, and Au on
GaN substrate and consider some relevant interplanar
tances~i.e., distances between atomic planes along the@001#
growth direction!. A comparison between the free
electronlike case of Al and the behavior of noble met
-
s

as-

e
N
l
s

wn

te,

er
le
y-
ng

s

a
d

s-

e
-
ll
r-
in
e
e

a

o-
e
is-

s

shows that none of the metals considered seems to alte
preciably the bond length at the interface semiconduc
layer so that the interplanar distance remains close to its b
value~1.12 Å!; the larger deviation, found in the case of A
still gives a reduction of the Ga-N interface distance by le
than 5%. A larger difference is found for the interfac
nitrogen-metal interplanar distance: the N-Al distance
smaller than those corresponding to the Ag and Au structu
by about 20%. This can be related to the different bonding
the interface in the different cases—as will be further d
cussed later on. For both Al and Au we find that the int
planar metal-metal distancedint

M2M , increases compared t
the bulk, leading to a bondlength larger than equilibrium ju
at the interface layer. This effect is far more evident in t
case of Al and can be related to a weakening of thes-type
metallic Al-Al bond due to a partials-p hybridization of the
interface aluminum in the Al-N covalent bond. We find th
already in the subinterface layers, the forces are very sm
thereby indicating that the metals recover quickly th
strained bulk-tetragonal bondlengths.

In the last column of Table I, we report the interplan
distances calculated according to the macroscopic theor
elasticity ~MTE!9 for the tetragonal metal strained to matc
the GaN substrate, using the bulk elastic constants10 and the
equilibrium bondlengths11 as input parameters. We reca
that in all cases considered, the mismatch is pretty la
~about 9%! so that we might probably be out of the range
validity of the MTE. In fact, the discrepancies between t
optimized interplanar distances within the bulk regio
~namely,dbulk

M2M) and those predicted by the MTE range b
tween 1% in the case of Au to up to 8% in the Al case.
expected, the bond-length distances in the metal bulk s
are very similar for all the metals considered, seeing t
their equilibrium lattice constants are very close.

IV. MIGS: THE NOBLE-METAL CASE
AND COMPARISON WITH THE GaN ÕAl SYSTEM

We compare in Fig. 1 the atomic site-projected part
density-of-states~PDOS! for the GaN/Au and GaN/Al inter-
faces and inner N and M atoms, taking the valence-b
maximum ~VBM ! of the inner N PDOS as the zero of th
energy scale~vertical arrows denote the position ofEF). The
GaN/Ag PDOS is very similar to that of GaN/Au, and a
therefore not shown. In order to demonstrate the presenc
the MIGS and the strong effect of the metal deposition on
interface semiconducting atoms, we show as a reference
PDOS of the same atoms~N and metal! in the corresponding
bulk compounds~i.e., zinc blende GaN and bulk metal!. The
PDOS for the interface N and Au atoms—essentially due
p andd states, respectively@Figs. 1~c! and 1~d!# show peaks
with a quite high-density-of-states in the GaN band-gap
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16 738 PRB 61S. PICOZZIet al.
ergy region~i.e., between 0 and 1.8 eV!. We recall here that
LDA strongly underestimates the GaN band gap whose
perimental value isEgap

expt53.39 eV;12,13 these states are see
to disappear in the inner bulk atom@Figs. 1~a! and 1~b!#.
Therefore, the presence of the metal affects only the se
conductor layers closer to the interface; already in the sec
layer ~not shown! the MIGS decrease appreciably and t
DOS gets very close to their bulk shape. Bulk conditions
perfectly recovered in the inner layers@see the practically
overlapping lines in Figs. 1~a! and 1~e!#, showing that the
supercell dimensions are sufficient for our purposes. In p
ticular, we notice that the LDA GaN gap is recovered in t
PDOS of the inner N atoms.

Apart from the presence of MIGS, the PDOS for both t
N and Au interface atoms shows strong differences rela
to the bulk, much larger than in the GaN/Al case, where
most relevant difference consists in the general modula
that brings the Al PDOS from the free-electron square-ro
like behavior closer to the PDOS of bulk AlN. The reas
for this behavior is that in GaN/Au, the Au 3d states are
occupied and interact strongly with the N p states, which are
also filled. As a result, the antibonding states rise in ene
above the semiconductor VBM and form the peaks at aro
1.5 eV, just in proximity toEF . Such features are absent
the GaN/Al case@Fig. 1~g!# and are present in the PDOS
the interface N and Au atoms@Fig. 1~c!#, completely disap-
pearing on atoms far from the junction inside GaN. The pr
ence of a peak atEF might indicate a tendency to an inst
bility, probably leading to in-plane reconstruction with th
possible introduction of defects. The spatial location of
charge density corresponding to the peak aroundEF is
shown in Fig. 2: these states, which have a clear antibon
character between N and Au, are mainly localized in
interface region with a resonant behavior inside the Au
gion ~not shown! and a negligible charge density in the Ga
region. A similar situation occurs in the GaN/Ag system~not
shown! and was also reported for a@110# GaAs/Ag

FIG. 1. Inner@panels~a! and ~e!# and interface@panels~c! and
~g!# N atom PDOS in the GaN/Au and GaN/Al systems, resp
tively. Panels~b!, ~f! and~d!, ~h! show the PDOS for the inner an
interface Au~Al ! atoms, respectively. In all panels, dashed lin
indicate the corresponding atomic contribution in the bulk mat
als. The GaN VBM is taken as zero of the energy scale. Vert
arrows indicateEF with respect to the semiconductor VBM.
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interface,14 whereas it is completely absent in GaN/Al-typ
structures due to the lack ofd states in this system.

The overall shape of the interface N PDOS shows a de
tion of states in the region from24 to 21 eV, and a peak
around25 eV, presumably representing the bonding pa
ners of the structures aroundEF and around the GaN VBM.
This corresponds to a degradation of thesp3 bonding envi-
ronment around the interface N. On the basis of this disc
sion, we can try to give an explanation for the much larg
distancesdint

N2Au anddint
N2Ag , compared with the Al case. In

fact, the N-Al interface bond is similar to the one in bu
AlN that provides its stability. The N-Au bond, on the oth
hand, mixes together filled states and pushes towards hi
energies the antibonding combinations@with a large anion
~N! contribution# aroundEF ~but mostly below it!. This is
consistent with the smaller amount of charge present ins
the interface N atom, to be discussed later. In this scena
decreasing the N-Au~Ag! distances, would not further stab
lize the structure.

In order to investigate the spatial dispersion of the oc
pied gap states, we show in Fig. 3 the macroscopic15 average
of the MIGS charge density in GaN/Al~solid line!, GaN/Au

-

i-
l

FIG. 2. Three-dimensional plot of the GaN/Au MIGS char
density due to the density-of-states~DOS! peak in proximity toEF

projected on a plane that cuts the N-Au interface bond. Values
the z axis in electrons/cell.

FIG. 3. Planar macroscopic average of the MIGS charge den
for the GaN/Al ~solid line!, GaN/Au ~dotted line!, and GaN/Ag
~dot-dashed line! interfaces.
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PRB 61 16 739METAL-INDUCED GAP STATES AND SCHOTTKY . . .
~dotted line!, and GaN/Ag ~dot-dashed line!. As already
pointed out for GaN/Al,1 the presence of the metal affec
almost exclusively the interface semiconductor layer;
MIGS decay exponentially, approaching zero inside
semiconductor. Due to the different density-of-states dis
bution of Al and Au~or Ag! for energies close toEF and the
consequent different positions ofEF with respect to the GaN
VBM, the total integrated MIGS charge in the whole ce
~metal side included! is larger in the free-electron metal-lik
case; however, the behavior of these states as a functio
the distance from the junction in the three interfaces is ov
all very similar. Actually, we find from Fig. 3 a very similar
behavior, which can be extrapolated with an exponen
leading to the same decay length~see Ref. 1 for details! for
both GaN/Au and GaN/Ag estimated to bel52.060.1 Å,
which is close to the value obtained for the GaN/Al syst
(l '1.9 Å!.1 Therefore, even though the energy dispers
of the MIGS is somewhat different in the free-electron-li
and noble metal interfaces~see Fig. 1!, they are equally
screened in the semiconductor side within one to two lay
thus showing that, within a good approximation,l is a GaN
bulk property.

We plot in Fig. 4 the binding energies of 1s core levels,
with respect to theEF of Ga and N@panels~a! and ~b!,
respectively# and the difference between MT charges in t
GaN/M superlattices~SL! and in GaN bulk@Fig. 4~c! and
4~d! for the Ga and N atoms, respectively# as a function of
the distance from the interface. As already discussed in
1, it is clear that in the Al case the charge rearrangemen
the interface causes a small effect~about 0.15 eV! on the
interface N core level and negligible effects on the oth
semiconductor atoms. On the other hand, in the noble me
case, the interface effect is much stronger: the GaN inter
layer shows core-level binding energies differing by ab
0.4 ~0.5! eV for Ag ~Au!, from the values of the inner bulk
like atoms. Moreover, the core levelsbendingin going from

FIG. 4. Panels~a! and ~b!: core energy levels of Ga and N
atoms, respectively, for the GaN/Ag~stars!, GaN/Au~squares!, and
GaN/Al ~circles! systems as a function of the distance from t
interface. Binding energies~in eV! are referred to the Fermi level
in the different systems and were shifted by 10 190.74 and 35
eV in the Ga and N case, respectively. Panels~c! and~d!: difference
between MT charges in GaN/metal superlattices~SL! and in GaN
bulk for Ga and N atoms, respectively, as a function of the dista
from the interface. Symbols as in panels~a! and ~b!.
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the bulk towards the interface follows an opposite trend
the noble and free-electron-like metals. This behavior is c
sistent with the trend of the valence charge inside ato
spheres: the interface nitrogen atom shows a charge de
tion ~enhancement! with respect to the bulk atoms in th
noble metal~Al ! case. As discussed above, the presence
peak ~see Fig. 1! in the GaN gap energy region, with ant
bonding N p-Au d character, might be the cause of th
charge rearrangement and the resulting chemical shift
served on the core-level profiles.

V. SCHOTTKY BARRIER HEIGHTS

To calculate the values of the SBH, we adopt the us
procedure16,17 that takes core levels as reference energies
particular, the potential discontinuity can be expressed as
sum of two terms:FB5Db1DEb , whereDb andDEb de-
note an interface and bulk contribution, respectively. We
evaluateDb taking the difference of Ga 1s and the noble-
metal 1s core-level energies in the superlattice:Db5E1s

Ga

2E1s
NM . On the other hand, thebulk contribution can be

evaluated from separate calculations for bulk GaN and no
metal and calculating the difference between the binding
ergies of the same 1s levels considered above:DEb

5(EVBM
GaN2E1s

Ga)2(EF
NM2E1s

NM).
The p type SBH values obtained, shown in Table II, i

clude a spin-orbit perturbationDSO
GaN'0.1 eV, but do not in-

clude quasiparticle corrections. Note that, as already poin
out, this refinement in the calculation of the GaN/Al syste8

gives a 4% difference in the N-Al interface distance~which
changes the core-level alignment at the interface! and a large
difference in the tetragonal bulk Al interplanar distance. T
last quantity affects the Al core-level binding energies us
in the evaluation of the final SBH, changing considerably
bulk contribution, essentially related to the absolute deform
tion potential of the Fermi level in bulk Al. As a result, w
obtain a SBH value different from the one previous
published1 (FB51.12 eV). The values shown in Table II ar
in good agreement~within 0.1–0.2 eV! with those calculated
from the density-of-states, obtained by considering the S
as the energy distance betweenEF ~see vertical arrows in
Fig. 1! and the top of the valence band of the PDOS cor
sponding to the inner semiconductor layer inside the b
region of the superlattice~the energy zero in Fig. 1!.

We note that the SBH values in the noble-metal case
lower than the SBH in the GaN/Al interface@FBp

(GaN/Al)

51.51 eV#. To better understand this result, we should co
sider that the Al and noble-metal interfaces differ in tw
main aspects:~i! different chemical species of the met
overlayer and~ii ! different structural properties, i.e., differen
bondlengths at the interface that comprise, in all respects
interfacial strain contribution. In particular, from inspectio
of Table I it is evident that the Ag and Au structures sho

TABLE II. Schottky barriers~in eV! at the GaN/Al, GaN/Ag,
and GaN/Au interfaces.

GaN/Al GaN/Au GaN/Ag

FB 1.51 1.08 0.87

5

e
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TABLE III. Interplanar distances~in Å! between the different atomic planes in the GaN/Al, GaN/Ag, a
GaN/Au interfaces~first three columns! and Schottky barrier heights~in eV—last column!.

dint
Ga2N dint

N2M dint
M2M FB

GaN/Al 1.11 1.11 1.88 1.51
Step I 1.11 1.32 1.88 0.76
Step II 1.11 1.32 1.60 0.80
Step III 1.07 1.32 1.60 0.71
GaN/Ag 1.07 1.32 1.60 0.87
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very similar dint
N2M and dint

M2M interplanar distances, whic
are at variance with those with Al. In order to separate
chemical from the strain contribution, we evaluate the S
for three different structures that can be regarded as inter
diate steps necessary to bring the GaN/Al structure to m
perfectly the GaN/Ag one. We show in Table III the inte
face interplanar distances and final SBH values for the e
librium GaN/Al and GaN/Ag systems and for the three int
mediate interfaces. In the first structure~step I!, the
interplanardint

N2M distance of the GaN/Al SL is taken equ
to that minimized for the GaN/Ag SL (dint

N2M51.32 Å): the
SBH is reduced from 1.5 to 0.76 eV~this surprising result
will be discussed in detail later on!.

As a second step~step II!, we changedint
M2M to recover

that calculated for the GaN/Ag structure:dint
M2M51.60 Å.

The SBH is remarkably less sensitive to this parameter,
ing only a 0.04 eV change in the potential barrier, whi
brings the SBH to about 0.80 eV. This is expected since
metal efficiently screens out the perturbation generated
atomic displacements: actually, the dynamical effect
charge, related to the dipole induced by a unit displacem
of atoms, is zero inside a metal.

In the third structure~step III!, the Ga–N interface dis
tance is brought to its value in the GaN/Ag superlatti
dint

Ga2N51.07 Å, and we have a system where Al atoms p
fectly replace Ag in GaN/Ag. Although this last structur
change is very small~about 4%!, this interplanar distance
turns out to be very important for the final potential lineu
due to the incomplete screening in the semiconductor
and the large N effective charge. As a result, the S
changes appreciably (FB50.71 eV). This final result is quite
close~within 0.2 eV! to the value found for the real GaN/A
interface, showing that apparently the interface strain play
more important role than the bare chemical contribution.

Perhaps the most surprising result of our tests is the v
strong dependence of the SBH on the interface N-Al d
tance, whose variation represents the larger contributio
the difference between GaN/Al and GaN/Ag~Au! SBH’s.
Test calculations have shown an almost perfect linear be
ior of FB againstdint

N2Al , leading to an Al effective charge
ZL* 50.08, (ZL* 5ZT* /e` , whereZT* is the Born dynamical
charge ande` is the electronic static dielectric constan!.
This result is in sharp contrast with the case of GaAs/A18

where no significant changes were found for small elon
tions of the As-metal interface distance, therefore, resul
in ZL* ;0—an almost perfect metallic behavior. As a furth
test, we performed calculations on GaAs/Al, similar to tho
of Ruini et al.,18 confirming their results both in terms of th
SBH values, and of their behavior as a function ofdint

As-Al .
e

e-
ch

i-
-

v-

e
y

e
nt

,
-

,
e

a

ry
-
to

v-

-
g
r
e

A possible explanation of the striking difference betwe
the GaN/Al and GaAs/Al systems can be provided by
analysis of the relevant physical parameters involved. T
MIGS decay length is larger for GaAs/Al (lGaN'2 Å and
lGaAs'3 Å!19,20 therefore providing a more extended regio
with metallic behavior inside the semiconductor; in additio
the density-of-states at the Fermi levelN(EF) is larger for
GaAs/Al ~see Fig. 5!, giving rise to a smaller~by a factor of
'1.5) Thomas-Fermi screening lengthlTF in this system.
Still, the values of the MIGS decay length and ofN(EF) are
not verydifferent between GaAs and GaN, so that it is not
all obvious to expect such a behavior of the SBH in the t
compounds.

To understand these results, we can use elementary
trostatics arguments. If we make a few rough assumpti
such as a simple Yukawa-like screened potential and c
sider a metallic behavior inside the semiconductor up to d
tances of the order ofl, the MIGS decay length, we find tha
the potential difference across the metal/semiconductor ju
tion induced by displacements of the Al interface ato
scales with the factore2kTFl. If we now estimate the value
of the Thomas-Fermi screening lengthskTF , using the
GaN/Al and GaAs/Al superlattice value ofN(EF), we are
led to the conclusion that a unit displacement of the interf
Al atoms produces a potential change across the inter
that is roughly seven times larger in GaN/Al than
GaAs/Al. Considering the crudeness of this model, such
estimate is in satisfactory agreement with the first-princip
results, which indicate a factor of'10 for the same ratio. In
other words, GaAs screens out almost perfectly all the str

FIG. 5. Total DOS of GaN/Al~solid line! and of GaAs/Al~dot-
ted line! in proximity to EF ~taken as zero of the energy scale!.
Vertical arrows denote the position of the semiconductor VBM.
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tural changes in the interface region~namely, displacement
of the interface Al atoms!, while the same is not true fo
GaN.

In order to further investigate the effects of thedint
N2M

change, we compare the core levels and MT charges for
equilibrium GaN/Al interface and the step I system. Rec
that these systems are exactly equal, except for the differe
in the interface nitrogen-metal distance:dint

N2M51.11 Å and
dint

N2M51.32 Å, for the equilibrium and step I structures, r
spectively. As in Fig. 4, we show in Fig. 6 the trends for t
core-level binding energies@panels~a! and~b! for Ga and N
atoms, respectively# and the difference between the M
charges compared to their values in the bulk compou
@panels~c! and ~d! for Ga and N atoms, respectively#, as a
function of the atomic distance from the interface. In ter
of core levels and charge transfer within the MT, a compa
son with Fig. 4 shows that the step I system behaves v
closely to the GaN/Ag structure but very differently from th
equilibrium GaN/Al interface. Therefore, the electron
charge distribution around the interface N and Al atoms
a strong dependence on the interplanar distance and is ab
reduce the SBH by as much as 0.75 eV, bringing a GaN
step I SBH within only 0.16 eV from the GaN/Ag SBH.

The dispersion of the SBH values seems to exclud
Fermi-level pinningin the GaN case, as experimentally co
firmed by the large spread of values reported in the litera
for the SBH between GaN and different metals. In particu
let us recall those obtained forn-GaN/Ag andn-GaN/Au:
FBp

expt(n2GaN/Ag)52.7 eV ~Ref. 21! and FBp

expt(n

2GaN/Au)'2.4 eV ~Ref. 22! and 2.2 eV.23,24 On the other
hand, recent photoemission measurements24 performed for
Au deposited onp-type GaN show that the Fermi level
stabilized around 1 eV above thep-GaN VBM, in apparent
good agreement with our calculated value (FB51.08 eV).
The disagreement between some of these values and ou
culated ones are certainly related to the different conditi
of the GaN surface~which is ideal in our calculations an
subject to different preparations in the experimental ca!;

FIG. 6. Panels~a! and ~b!: core energy levels of Ga and N
atoms, respectively, for the GaN/Al equilibrium~circles! and Step I
~diamonds! systems as a function of distance from the interfa
Binding energies~in eV! are referred to theEF . Panels~c! and~d!:
difference between MT charges in GaN/metal SL and in GaN b
for Ga and N atoms, respectively, as a function of the distance f
the interface. Symbols as in panels~a! and ~b!.
he
ll
ce

s

s
i-
ry

s
to
l

a

re
r,

al-
s

moreover, we considered the GaN zinc blende structure
@001# oriented interfaces, whereas all the experimen
samples are grown on@0001# wurtzite Ga.25

We note finally that the spread of experimental values
GaN/metal interfaces has not been found for the GaAs/m
systems, where a Fermi-level pinning was experimenta
observed.26 This can be understood in terms of the mu
more efficient screening provided by GaAs with respect
GaN, as discussed above. In fact, the main difference
tween the noble metal and Al systems is the length of
anion-metal bond that gives rise to large variations of
interface dipole: this electrostatic contribution is poor
screened in GaN and therefore contributes considerabl
the final SBH value. In addition, it has to be observed t
GaAs matches better~within 2%! the Au, Ag, and Al lattice
constants so that the interface strain does not play a cru
role in this case.

VI. CONCLUSIONS

We have performed FLAPW calculations for@001# or-
dered GaN/Ag and GaN/Au interfaces, mainly focusing
the electronic properties and comparing our results w
those obtained from previous calculations for the GaN
interface. Our calculations show that there is an apprecia
density of MIGS in the noble-metal interfaces consider
~even higher than in the GaN/Al case!; however, the pres-
ence of the gap states is relevant in the interface layer o
being strongly reduced already in the subinterface layer.
estimate the MIGS decay length to bel'2.0 Å, for all the
metals considered~Al, Ag, and Au!. The SBH values
@FBp

(GaN/Ag)50.87 eV andFBp
(GaN/Au)51.08 eV# are

significantly smaller than the value obtained in the GaN
case@FBp

(GaN/Al)51.51 eV#; we demonstrated that the ap
preciable SBH reduction in going from the free-electron
the noble-metal case is mostly due to structural effects
particular, the distance between the last N and the first m
layer plays a critical role in dictating the final SBH value,
contrast with that found in GaAs/Al, where previous,18 as
well as our present, calculations showed negligible effects
this same structural parameter. We found that the larg
structural differences between the various GaN/M interfa
considered are related to this distance, mainly determined
the different bonding nature between N and free-electr
like or noble metals. Finally, we were able to show, at le
for our perfectly ordered abrupt interfaces, that the lack
Fermi-level pinning in GaN can be understood in terms
electrostatic effects related to variations of the interfa
anion-metal dipole: these effects are not properly screene
GaN, so that they contribute considerably to the final pot
tial lineup at the interface.
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