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We presengb initio local density FLAPW calculations on nonreactive N-termind&il] ordered GaN/Ag
and GaN/Au interfaces and compare the reqsliish 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
+0.1 A 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 @r@p(GaN/Ag)zO.S? eV and (I)Bp(GaN/Au)
=1.08 eV, both values are smaller than the GaN/Al veﬂdeap(GaN/Al)zl.Sl 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.

[. INTRODUCTION sition, which has been thought to be relevant in the case of
GaAs interfaces.Moreover, we investigate the role of the

GaN has certainly been one of the most studied comatomic positions in the interface region in determining the
pounds in the last few years, mainly because of both interfinal SBH values: starting from GaN/Al, lineups differing by
esting optical properties and remarkable thermal stabilityds much as 0.80 eV can be produced by changing the inter-
which render this semiconductor particularly suitable for im-face N-metal interplanar distance from its equilibrium value
portant technological applications. As is well known, how-to that corresponding to the GaN-Ag interface; as a result,
ever, device performances depend on good metallic contacte Schottky barrier height is brought to a value very close to
and so the study of Schottky barrier heigh®BH) in GaN/  that obtained for GaN/Ag. This leads to the conclusion that
metal systems is of great relevance: as an example, the peitrain effects, mainly affecting the magnitude of the interface
formance of GaN-based laser diodes is still limited by thedipole, play a major role in determining the final SBH at the
difficulty in making low-resistance Ohmic contacts. In this GaN/metal interface.
regard, surface reactivity and the presence of interface states
aret_also seen to play a relevant role in Schottky barrier for- Il. TECHNICAL DETAILS
mation.

In a previous work, we investigated the GaN/Al system, The calculations were performed using the all-electron
which is considered to be eeactive interface due to the full-potential linearized augmented plane watfeL APW)°
Ga-Al exchange reaction driven by AIN formation at the method within density functional theory in the local density
immediate interface; we studied the ideal interfaees, well — approximation(LDA). We used a basis set of plane waves
as the effects on the interface properties of some defectsith wave vector up td,,,,= 3.9 a.u., leading to about 2200
(such as atomic swap and @&, ,N intralayerd) at the basis functions and for the potential and the charge density
initial stages of the SBH formatioh. we used an angular momentum expansion upig="6;

In the present paper, we report resultsabfinitio calcu-  tests performed by increasihg,, up to 8 showed changes in
lations for GaN/M interfaceéwith M = Ag, Au) which are  the Schottky barrier height of less than 0.03 eV. The
considered to be nonreactfvand compare the resulfsuch  Brillouin-zone sampling was performed using 10 speéial
as metal induced gap statésllGS) and SBH with those points according to the Monkhorst-Pack schém&he
obtained for GaN/Al, in order to understand the dependenceuffin-tin radii Ry, for Au and Ag were chosen equal to
of the relevant electronic properties on the deposited metaR.1 a.u., while for Ga and N we uséd},+=1.96 and 1.65
The interest in studying noble-metal contacts resides in una.u., respectively. We have considered supercells containing
derstanding the effect of the states on the Fermi-level po- 15 GaN layerg8 N and 7 Ga atomsand 9 metal layers; tests
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TABLE I. Interplanar distanceén A) between the different atomic planes in the GaN/Al, GaN/Ag, and
GaN/Au interfaces. Values in parentheses are taken from Ref. 1.

doe ™ dine ¥ dine ™ ik’ dyire.
GaN/Al 1.11(1.12 1.11(1.15 1.88(1.99 1.64(1.99 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

performed on the cell dimensions have shown that bulk conshows that none of the metals considered seems to alter ap-
ditions are well recovered far from the interface using thispreciably the bond length at the interface semiconductor
15+ 9 layer cell size(see discussion belgw layer so that the interplanar distance remains close to its bulk
value(1.12 A); the larger deviation, found in the case of Ag,
still gives a reduction of the Ga-N interface distance by less
than 5%. A larger difference is found for the interface
GaN is well known to show polytypism between the zinc nitrogen-metal interplanar distance: the N-Al distance is
blende and the wurtzite phase, so that either one can be easnaller than those corresponding to the Ag and Au structures
ily stabilized; we therefore concentrate ¢A01] ordered by about 20%. This can be related to the different bonding at
N-terminated zinc blende interfaces in order to avoid thethe interface in the different cases—as will be further dis-
contribution of spontaneous polarization effects inside GaNussed later on. For both Al and Au we find that the inter-
that might contribute to the Schottky barrier height. Our goalplanar metal-metal distanag,, ™, increases compared to
is in fact to investigate the role played by the different metalsthe bulk, leading to a bondlength larger than equilibrium just
in determining the position of the Fermi level within the at the interface layer. This effect is far more evident in the
semiconductor band gap. We considered the metal as growgase of Al and can be related to a weakening of gtgpe
epitaxially on a GaN substrateaf,,=acan=4.482A).  metallic Al-Al bond due to a partia-p hybridization of the
Given the bulk lattice constants of the three metals, interface aluminum in the Al-N covalent bond. We find that
=4.05A,a,,=4.09A, anda,,=4.08 A, all the metals con- already in the subinterface layers, the forces are very small,
sidered show a quite large mismatch with the GaN substratehereby indicating that the metals recover quickly their
ranging from 8.8% in the case of fcc-Ag up to 9.6% in thestrained bulk-tetragonal bondlengths.
case of fcc-Al. In all cases, their lattice constants are smaller In the last column of Table I, we report the interplanar
than that of the substrate, which implies that appreciablelistances calculated according to the macroscopic theory of
bond-length relaxations are expected for the metal overlayelasticity (MTE)® for the tetragonal metal strained to match
ers. We calculated the most stable structures, assuminge GaN substrate, using the bulk elastic constmtsd the
pseudomorphic growth conditiori@n assumption common equilibrium bondlengths as input parameters. We recall
to all first principlesapproaches to these problems, since itisthat in all cases considered, the mismatch is pretty large
the only one that allows calculations to be perforinadd a  (about 9% so that we might probably be out of the range of
geometry in which the metal atoms simply replace the Gavalidity of the MTE. In fact, the discrepancies between the
atoms on their fcc sites, using total-energy minimization ancbptimized interplanar distances within the bulk regions
the ab initio forces calculated on each atomic site to find the(namely,d M) and those predicted by the MTE range be-
equilibrium values of the interface Ga-N, N-M, and M-M tween 1% in the case of Au to up to 8% in the Al case. As
interplanar distances. In-plane relaxations, as well as the pogxpected, the bond-length distances in the metal bulk side
sibility of in-plane reconstruction of the GaN surface, beforegre very similar for all the metals considered, seeing that

or during metal deposition, were neglected. Of course, theéheir equilibrium lattice constants are very close.
occurrence of such effects may strongly modify the calcu-

lated values of the Sc_:hottky barrier hgights whiph, as we will IV. MIGS: THE NOBLE-METAL CASE

show, are very sensitive to the details o_f the interface MOr-  AND COMPARISON WITH THE GaN /Al SYSTEM

phology. In this paper, however, we are interested mostly in

studying the effect of the metal overlayer on the interface We compare in Fig. 1 the atomic site-projected partial

GaN/M electronic properties rather than determining thedensity-of-state$PDOS for the GaN/Au and GaN/Al inter-

structural configurations that may occur experimentally.  faces and inner N and M atoms, taking the valence-band
Our structural data are reported in Table I. Due to amaximum (VBM) of the inner N PDOS as the zero of the

refinemerft of our previous calculations on the GaN/Al sys- energy scalévertical arrows denote the position BE). The

tem, the data listed in Table | for this system differ from GaN/Ag PDOS is very similar to that of GaN/Au, and are

those already publisheldthe largest change occurs for the therefore not shown. In order to demonstrate the presence of

Al-Al bulk interplanar distance. For clarity, we report our the MIGS and the strong effect of the metal deposition on the

previous results in parenthesis in this same table. Let us fdnterface semiconducting atoms, we show as a reference the

cus on the structural rearrangement of Al, Ag, and Au on the®DOS of the same atongsl and metgl in the corresponding

GaN substrate and consider some relevant interplanar dis®ulk compoundsi.e., zinc blende GaN and bulk metaTlhe

tanced(i.e., distances between atomic planes alond@@] PDOS for the interface N and Au atoms—essentially due to

growth direction. A comparison between the free- p andd states, respectivelFigs. 1c) and Xd)] show peaks

electronlike case of Al and the behavior of noble metalswith a quite high-density-of-states in the GaN band-gap en-

Ill. STRUCTURAL PROPERTIES
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FIG. 1. Inner[panels(a) and(e)] and interfacd panels(c) and FIG. 2. Three-dimensional plot of the GaN/Au MIGS charge
(@] N atom PDOS in the GaN/Au and GaN/Al systems, respec-gensity due to the density-of-statéB30S) peak in proximity toE
tively. Panels(b), (f) and(d), (h) show the PDOS for the inner and projected on a plane that cuts the N-Au interface bond. Values on
interface Au(Al) atoms, respectively. In all panels, dashed linesine 7 axis in electrons/cell.
indicate the corresponding atomic contribution in the bulk materi-

als. The GaN VBM is taken as zero of the energy scale. Vertical terface® wh it i letelv absent in GaN/AJ-t
arrows indicateEg with respect to the semiconductor VBM. Interiace, - whereas It IS compiete y a s_en In a -type
structures due to the lack dfstates in this system.

ergy region(i.e., between 0 and 1.8 @We recall here that The overall shape of the interface N PDOS shows a deple-
LDA strongly underestimates the GaN band gap whose extion of states in the region from 4 to —1 eV, and a peak
perimental value i€5P'=3.39 eV1?3these states are seen around —5 eV, presumably representing the bonding part-
to disappear in the inner bulk atofFigs. ¥a) and 1b)]. ners of the structures arourit and around the QaN VBM.
Therefore, the presence of the metal affects only the semithis corresponds to a degradation of 8’ bonding envi-
conductor layers closer to the interface; already in the secon@nment around the interface N. On the basis of this discus-
layer (not shown the MIGS decrease appreciably and theSion, we can try to give an explanation for the much larger
DOS gets very close to their bulk shape. Bulk conditions ardlistancesdi, ** anddfi;*¢, compared with the Al case. In
perfectly recovered in the inner layefsee the practically fact, the N-Al interface bond is similar to the one in bulk
overlapping lines in Figs. (&) and Xe)], showing that the AIN that provides its stability. The N-Au bond, on the other
supercell dimensions are sufficient for our purposes. In pahand, mixes together filled states and pushes towards higher
ticular, we notice that the LDA GaN gap is recovered in theénergies the antibonding combinatiopwith a large anion
PDOS of the inner N atoms. (N) contribution] aroundEg (but mostly below it. This is
Apart from the presence of MIGS, the PDOS for both theconsistent with the smaller amount of charge present inside
N and Au interface atoms shows strong differences relativéhe interface N atom, to be discussed later. In this scenario,
to the bulk, much larger than in the GaN/Al case, where thalecreasing the N-A(Ag) distances, would not further stabi-
most relevant difference consists in the general modulatiofize the structure.
that brings the Al PDOS from the free-electron square-root- In order to investigate the spatial dispersion of the occu-
like behavior closer to the PDOS of bulk AIN. The reasonpied gap states, we show in Fig. 3 the macroscdjicerage
for this behavior is that in GaN/Au, the Aud3states are Of the MIGS charge density in GaN/Asolid line), GaN/Au
occupied and interact strongly withehN p states, which are
also filled. As a result, the antibonding states rise in energy  0.008

above the semiconductor VBM and form the peaks at around | - gﬁ% i
1.5 eV, just in proximity toEg . Such features are absent in « = GaN/Ag
the GaN/Al casgFig. 1(g)] and are present in the PDOS of 0.006 = GaN sid , 7
the interface N and Au atoni&ig. 1(c)], completely disap- 5 o Metal side
pearing on atoms far from the junction inside GaN. The pres- g 0004 -

ence of a peak & might indicate a tendency to an insta- &

bility, probably leading to in-plane reconstruction with the c} i

possible introduction of defects. The spatial location of the g 0.002

charge density corresponding to the peak arolid is

shown in Fig. 2: these states, which have a clear antibonding
character between N and Au, are mainly localized in the 0
interface region with a resonant behavior inside the Au re-

gion (not shown and a negligible charge density in the GaN  FIG. 3. Planar macroscopic average of the MIGS charge density
region. A similar situation occurs in the GaN/Ag systémt  for the GaN/Al (solid line), GaN/Au (dotted ling, and GaN/Ag
shown and was also reported for §110] GaAs/Ag (dot-dashed linginterfaces.

-

-'/-

Interface
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2 TABLE II. Schottky barriers(in eV) at the GaN/Al, GaN/Ag,
) and GaN/Au interfaces.

sk (a) Ga core levels | (&) N core levels

O F — F LI L B 3 ]0
~ 6F -t To-
2t 1k 42 3% GaN/Al GaN/Au GaN/Ag
E 4 Hoenrmerenreeninn L e S P TV F o« E
L 1 L d4 (O 1.51 1.08 0.87
2r o o D Do o Y PoSm— D
0.03
| | (@NMT charge: SL - bulkw.,.-o i ) . .
1 L geeg Jdo the bulk towards the interface follows an opposite trend in

i the noble and free-electron-like metals. This behavior is con-
—4.032 sistent with the trend of the valence charge inside atomic
" 17 5] spheres: the interface nitrogen atom shows a charge deple-

0,06~ 4 HSOGaNal % —-006 . : -
i ] 38 G w ] tion (enhancementwith respect to the bulk atoms in the
0,09 £ | 00 noble metalAl) case. As discussed above, the presence of a
Gal Ga3 Ga$s Ga7 N2 N4 N6 N8 . . . . .
Buk — S Tnterface  Bulk ——————— Interface peak(see Fig. 1in the GaN gap energy region, with anti-

bonding N p-Aud character, might be the cause of this

FIG. 4. Panels(@ and (b): core energy levels of Ga and N charge rearrangement and the resulting chemical shift ob-
atoms, respectively, for the GaN/Agtarg, GaN/Au(squarey and served on the core-level profiles.

GaN/Al (circles systems as a function of the distance from the

interface. Binding energie@n eV) are referred to the Fermi levels

in the different systems and were shifted by 10190.74 and 353.75 V. SCHOTTKY BARRIER HEIGHTS

eV in the Ga and N case, respectively. Pafielsnd(d): difference

between MT charges in GaN/metal superlattit®k) and in GaN To calculate the values of the SBH, we adopt the usual

bulk for Ga and N atoms, respectively, as a function of the distanc@roceduré>!’ that takes core levels as reference energies. In
from the interface. Symbols as in panéi and (b). particular, the potential discontinuity can be expressed as the
sum of two terms®z=Ab+AE,, whereAb andAE de-

note aninterface and bulk contribution, respectively. We

(dotted ling, and GaN/Ag(dot-dashed line As already evaluateAb taking the difference of Gasland the noble-

pointed out for GaN/Al, the presence of the metal affects etal Is core-level energies in the superlattickb=ES?

almost exclusively the interface semiconductor layer; th o
v Y —E'™ . On the other hand, theulk contribution can be

MIGS decay exponentially, approaching zero inside the

semiconductor. Due to the different density-of-states distri€v@luated from separate calculations for bulk GaN and noble

bution of Al and Au(or Ag) for energies close tBg and the meFaI and calculating the difference b_etween the binding en-
consequent different positions Bf with respect to the GaN erg|eGsaNof tgg same sl Is\&els considered aboveAE,
VBM, the total integrated MIGS charge in the whole cell = (Evem—Eis) —(Ef" —Eig). . _
(metal side includexis larger in the free-electron metal-like ~ The p type SBH values obtalnNed, shown in Table II, in-
case; however, the behavior of these states as a function fude a spin-orbit perturbatiah$3"~0.1eV, but do not in-
the distance from the junction in the three interfaces is overclude quasiparticle corrections. Note that, as already pointed
all very similar. Actually, we find from Fig3 a very similar ~ out, this refinement in the calculation of the GaN/Al system
behavior, which can be extrapolated with an exponentialgives a 4% difference in the N-Al interface distar{eenich
leading to the same decay lendee Ref. 1 for detailsfor ~ changes the core-level alignment at the interfaced a large
both GaN/Au and GaN/Ag estimated to he=2.0+0.1A, difference in the tetragonal bulk Al interplanar distance. This
which is close to the value obtained for the GaN/Al systemlast quantity affects the Al core-level binding energies used
(N ~1.9A).* Therefore, even though the energy dispersionn the evaluation of the final SBH, changing considerably the
of the MIGS is somewhat different in the free-electron-like Pulk contribution, essentially related to the absolute deforma-
and noble metal interface&ee Fig. 1, they are equally tion potential of the Fermi level in bulk Al. As a result, we
screened in the semiconductor side within one to two layerPbtain a SBH value different from the one previously

thus showing that, within a good approximationis a GaN ~ Published (®g=1.12eV). The values shown in Table Il are
bulk property. in good agreemer(within 0.1-0.2 eV with those calculated

We plot in Fig. 4 the binding energies o Xore levels, from the density—_of—states, obtained by considering the SBH
with respect to theEr of Ga and N[panels(a) and (b), &S the energy distance betweEp (see vertical arrows in
respectively and the difference between MT charges in theFig. 1) and the top of the valence band of the PDOS corre-
GaN/M superlatticesSL) and in GaN bulk{Fig. 4c) and  sPonding to the inner semiconductor layer inside the bulk
4(d) for the Ga and N atoms, respectivelys a function of ~ region of the superlatticéhe energy zero in Fig.)1
the distance from the interface. As already discussed in Ref. We note that the SBH values in the noble-metal case are
1, it is clear that in the Al case the charge rearrangement d@wer than the SBH in the GaN/Al interfa¢eg (GaN/Al)
the interface causes a small effdebout 0.15 eY on the =1.51eV]. To better understand this result, we should con-
interface N core level and negligible effects on the othersider that the Al and noble-metal interfaces differ in two
semiconductor atoms. On the other hand, in the noble metatsain aspects{i) different chemical species of the metal
case, the interface effect is much stronger: the GaN interfaceverlayer andii) different structural properties, i.e., different
layer shows core-level binding energies differing by aboutbondlengths at the interface that comprise, in all respects, an
0.4 (0.5 eV for Ag (Au), from the values of the inner bulk- interfacial strain contribution. In particular, from inspection
like atoms. Moreover, the core levddendingin going from  of Table | it is evident that the Ag and Au structures show
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TABLE Ill. Interplanar distanceén A) between the different atomic planes in the GaN/Al, GaN/Ag, and
GaN/Au interfacegfirst three columnsand Schottky barrier heightén eV—Ilast column.

doe ™ dine dine G
GaN/Al 1.11 1.11 1.88 1.51
Step | 1.11 1.32 1.88 0.76
Step |l 1.11 1.32 1.60 0.80
Step Il 1.07 1.32 1.60 0.71
GaN/Ag 1.07 1.32 1.60 0.87

very similard ™ and dM ™ interplanar distances, which A possible explanation of the striking difference between

are at variance with those with Al. In order to separate théhe GaN/Al and GaAs/Al systems can be provided by an
chemical from the strain contribution, we evaluate the SBHanalysis of the relevant physical parameters involved. The
for three different structures that can be regarded as intermd4IGS decay length is larger for GaAs/ANgan=2 A and
diate steps necessary to bring the GaN/Al structure to matchgaas~3 A)**?°therefore providing a more extended region
perfectly the GaN/Ag one. We show in Table Il the inter- with metallic behavior inside the semiconductor; in addition,
face interplanar distances and final SBH values for the equithe density-of-states at the Fermi lew¢(Eg) is larger for
librium GaN/Al and GaN/Ag systems and for the three inter-GaAs/Al (see Fig. 5, giving rise to a smalletby a factor of
mediate interfaces. In the first structurestep ), the =~1.5) Thomas-Fermi screening lengtir in this system.
interplanardiNm"\’I distance of the GaN/Al SL is taken equal Still, the values of the MIGS decay length andM(fE) are

to that minimized for the GaN/Ag Sde\r‘n*MZ 1.32A): the not very different between GaAs and GaN, so that it is not at
SBH is reduced from 1.5 to 0.76 elthis surprising result all obvious to expect such a behavior of the SBH in the two

will be discussed in detail later @n compounds.

As a second stefstep 1), we changed™ ™ to recover To understand these results, we can use elementary elec-

that calculated for the GaN/Ag structurd™™=1.60 A trostatics arguments. If we make a few rough assumptions
n : : - . .

The SBH is remarkably less sensitive to this parameter, givSUch as a simple Yukawa-like screened potential and con-

ing only a 0.04 eV change in the potential barrier, whichsider a metallic behavior inside the semiconductor up to dis-

brings the SBH to about 0.80 eV. This is expected since th&Nces of the order of, the MIGS decay length, we find that
metal efficiently screens out the perturbation generated bif'® p_otentlal dlffere_nce across the metal/semlconductorjunc-
atomic displacements: actually, the dynamical effective!o induced by displacements of the Al interface atom,

. 7k A -
charge, related to the dipole induced by a unit displacemeric@/€s with the factoe”“r=*. If we now estimate the values
of atoms. is zero inside a metal. of the Thomas-Fermi screening lengtlksg, using the

In the third structurestep I1l), the Ga—N interface dis- GaN/Al and GaAs/Al superlattice value &f(Eg), we are
tance is brought to its value in the GaN/Ag superlattice,'ed to the conclusion that a unit displacement of the interface

dﬁ?’”=1.07,&, and we have a system where Al atoms per_AI atoms produces a potential change across the interface

; ; that is roughly seven times larger in GaN/Al than in
fectly replace Ag in GaN/Ag. Although this last structural A .
change is very smallabout 4%, this interplanar distance GaAs/Al. Considering the crudeness of this model, such an

turns out to be very important for the final potential ”neup,esUmate is in satisfactory agreement with the first-principles

due to the incomplete screening in the semiconductor sigeesults, which indicate a factor ef 10 for the same ratio. In
and the large N effective charge. As a result, the SB,_pther words, GaAs screens out almost perfectly all the struc-

changes appreciablybg=0.71 eV). This final result is quite
close(within 0.2 eV) to the value found for the real GaN/Ag
interface, showing that apparently the interface strain playsa | ]
more important role than the bare chemical contribution.
Perhaps the most surprising result of our tests is the very
strong dependence of the SBH on the interface N-Al dis-
tance, whose variation represents the larger contribution to
the difference between GaN/Al and GaN/Agu) SBH's.
Test calculations have shown an almost perfect linear behav-2
ior of dg againstd}},*', leading to an Al effective charge
Z=0.08, ] =Z}/e., whereZ5s is the Born dynamical
charge ande,, is the electronic static dielectric constant
This result is in sharp contrast with the case of GaAsfAl,
where no significant changes were found for small elonga- ol
tions of the As-metal interface distance, therefore, resulting B
in Z ~0—an almost perfect metallic behavior. As a further
test, we performed calculations on GaAs/Al, similar to those F|G. 5. Total DOS of GaN/Alsolid line) and of GaAs/Al(dot-
of Ruini et al, '8 confirming their results both in terms of the teqd ling in proximity to Ex (taken as zero of the energy sdale
SBH values, and of their behavior as a functiond§f™'. Vertical arrows denote the position of the semiconductor VBM.

._.
=
T
|

(states/eV cell)
o

10 GaAs VBM

DO

E(eV)
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* [ Ga cors lovels [ () N core levels 17 moreover, we considered the GaN zinc blende structure and
sk 1L D [001] oriented interfaces, whereas all the experimental
[ S-S G _ P o _ samples are grown di9001] wurtzite Ga%®
Z 16k 2T 52 % We note finally that the spread of experimental values for
=] =]

| (c) Ga MT charge: SL- bulk

GaN/metal interfaces has not been found for the GaAs/metal
systems, where a Fermi-level pinning was experimentally
observed® This can be understood in terms of the much

more efficient screening provided by GaAs with respect to

OF @@ ] GaN, as discussed above. In fact, the main difference be-
s & tween the noble metal and Al systems is the length of the
~ —0.03 — - — -0.03 = . . . ..
o I DR B anion-metal bond that gives rise to large variations of the
006 - o o0 interface dipole: this electrostatic contribution is poorly
- - 4 screened in GaN and therefore contributes considerably to
-0.09 -0.09

the final SBH value. In addition, it has to be observed that
GaAs matches bettéwithin 2%) the Au, Ag, and Al lattice
constants so that the interface strain does not play a crucial
role in this case.

Gal Ga3 Gas Ga7 N2 N4 N6 N8
Bulk —— > Interface Bulk — > Interface

FIG. 6. Panels(a) and (b): core energy levels of Ga and N
atoms, respectively, for the GaN/Al equilibriumircles and Step |
(diamond$ systems as a function of distance from the interface.
Binding energiegin eV) are referred to th&g . Panelqc) and(d):

VI. CONCLUSIONS
difference between MT charges in GaN/met_aI SL and |_n GaN bulk We have performed FLAPW calculations f§001] or-
for Ga and N atoms, respectively, as a function of the distance from

the interface. Symbols as in panéss and (b). dered GaN/Ag and GgN/Au interfaces,_ mainly focusing on
the electronic properties and comparing our results with
those obtained from previous calculations for the GaN/Al
interface. Our calculations show that there is an appreciable
density of MIGS in the noble-metal interfaces considered
(even higher than in the GaN/Al casénowever, the pres-
ence of the gap states is relevant in the interface layer only,
| eing strongly reduced already in the subinterface layer. We
gestimate the MIGS decay length to he=2.0 A, for all the
metals consideredAl, Ag, and Au. The SBH values
[CI)BP(GaN/Ag)z 0.87eV andCDBp(GaN/Au)zl.OS eV] are

tural changes in the interface regigmamely, displacements
of the interface Al atoms while the same is not true for
GaN.

In order to further investigate the effects of th,
change, we compare the core levels and MT charges for t
equilibrium GaN/Al interface and the step | system. Recal
that these systems are exactly equal, except for the differen
in the interface nitrogen-metal distana), ™=1.11 A and
diy ' M=1.32 A, for the equilibrium and step | structures, re-*~ 5p* o
spectively. As in Fig. 4, we show in Fig. 6 the trends for thesSignificantly smaller than the value obtained in the GaN/Al

core-level binding energidpanels(a) and(b) for Ga and N casél®s (GaN/Al)=1.51 eV]; we demonstrated that the ap-

atoms, respectivelyand the difference between the MT preciable SBH reduction in going from the free-electron to
charges compared to their values in the bulk compoundthe noble-metal case is mostly due to structural effects. In
[panels(c) and(d) for Ga and N atoms, respectivélyas a particular, the distance between the last N and the first metal
function of the atomic distance from the interface. In termslayer plays a critical role in dictating the final SBH value, in
of core levels and charge transfer within the MT, a compari€ontrast with that found in GaAs/Al, where previotisas
son with Fig. 4 shows that the step | system behaves veryell as our present, calculations showed negligible effects of
closely to the GaN/Ag structure but very differently from the this same structural parameter. We found that the largest
equilibrium GaN/Al interface. Therefore, the electronic structural differences between the various GaN/M interfaces
charge distribution around the interface N and Al atoms hagonsidered are related to this distance, mainly determined by
a strong dependence on the interplanar distance and is abletlte different bonding nature between N and free-electron-
reduce the SBH by as much as 0.75 eV, bringing a GaN/Alike or noble metals. Finally, we were able to show, at least
step | SBH within only 0.16 eV from the GaN/Ag SBH. for our perfectly ordered abrupt interfaces, that the lack of
The dispersion of the SBH values seems to exclude &ermi-level pinning in GaN can be understood in terms of
Fermi-level pinningn the GaN case, as experimentally con- electrostatic effects related to variations of the interface
firmed by the large spread of values reported in the literatur@nion-metal dipole: these effects are not properly screened in
for the SBH between GaN and different metals. In particularGaN, so that they contribute considerably to the final poten-
let us recall those obtained farGaN/Ag andn-GaN/Au: tial lineup at the interface.
@EE"‘(n—GaN/Ag)=2.7 eV (Ref. 2) and <b‘§’;pt(n
—GaN/Au)~2.4eV (Ref. 22 and 2.2 e\?*?*On the other
hand, recent photoemission measurenfémerformed for We gratefully acknowledge useful discussions with Pro-
Au deposited omp-type GaN show that the Fermi level is fessor R. Resta and Dr. A. Ruini. Work in L’Aquila and
stabilized around 1 eV above tipeGaN VBM, in apparent Cagliari supported by grants of computer time at the
good agreement with our calculated valubg=1.08¢eV). CINECA supercomputing centéBologna, Italy through the
The disagreement between some of these values and our cédtituto Nazionale di Fisica della Materi@NFM). Work at
culated ones are certainly related to the different condition®Northwestern University was supported by the U.S. National
of the GaN surfacdéwhich is ideal in our calculations and Science Foundation through the Northwestern Materials Re-
subject to different preparations in the experimental ase search Center.
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