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First-principles full-potential linearized augmented plane wave calculations are performed to clarify the role
of the interface geometry on piezoelectric fields and potential lineupd0i@1] wurtzite and[111]-zincblende
GaN/Al junctions. The electric fieldpolarity and magnitudeis found to be strongly affected by atomic
relaxations in the interface region. A procedure is used to evaluate the Schottky-barrier height in the presence
of electric fields, showing that their effect is relatively snallfew tenths of an e)/ These calculations assess
the rectifying behavior of the GaN/Al contact, in agreement with experimental values for the barrier. We
disentangle chemical and structural effects on the relevant propéstiel as the potential discontinuity and
the electric fieldl by studying unrelaxed ideal nitride/metal systems. Using simple electronegativity arguments,
we outline the leading mechanisms that define the values of the electric field and Schottky barrier in these ideal
systems. Finally, the transitivity rule is proved to be well satisfied.
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I. INTRODUCTION nearest-neighbor shell and the interface geomeiryterms
of number and direction of bongss the same.
Wide-bandgap electronic devices are expected to play an
important role in the next generation of high-power and
high-temperature applications. In particular, extensive work Il. COMPUTATIONAL DETAILS
has been carried out in recent years on popular semiconduc-
tors such as GaN, AIN, and SiZ.It is clear, however, that
many efforts, theoretical as well as experimental, are stil
ne_ed_ed tp bring the emergent dewqe technology to matuntyare treated fully relativistically, whereas valence electrons
Within this context, the GaN/meta! mterfape represents ong e treated semi-relativistically, i.e., without spin-orbit cou-
of the most thoroughly studied topicut itis notyetclear yjing Ga 3 states are treated as valence electrons, in order
which are the basic mechanisms leading to the observeg, 4jiow their characteristic hybridization with Nsistates.
behavior—ohmic vs rectifying—of the barrier. A key prop- The exchange-correlation potential is treated within the
erty of nitrides is the presence of large spontaneous piezQocal-density approximation, using the Hedin-Lundgvist
electric fields, which have to be considered whenever thesgarametrizatiof. The FLAPw code allows calculation of total
compounds are used as basic constituents of technologicahergies and atomic forces, so that optimization of the
devices® Within the framework ofab initio simulations, ex-  atomic positions is achieved from first principles. The
tensive work has been carried out for nitride/metal contactsmuffin-tin spheres were chosen agﬁ%:z,o a_u,,R/,\*A'T
but the GaN structure explored so far has always beer-2.0 a.u., andR),;=1.6 a.u., and the expansion in spherical
zincblende with{001] as the ordering directichin contrast,  harmonics in these regions was performed up<®; in the
most of the experimental work in this field has been focusednterstitial part, a cut-off for the wave functionky,,,
on the hexagonal wurtzite structure as the stable phase ef4.0 a.u:! was used. The Brillouin-zone sampling was
GaN>® done according to the Monkhorst-Pack schémsing tenk
In this work, we present results from first-principles cal- points in the irreducible part of the zone.

culations using the all-electron full-potential linearized aug- The supercell employed corresponds to six layers of GaN
mented plane wavéLAPW) method for [0001] wurtzite and ~ (i.e., seven N and six Ga laygrand six layers of Al, with a
[111] zincblende GaN/Al interface@enotedw-GaN/Al and  total of 19 layers per cell. Calculations performed with vary-
z-GaN/Al, respectively. These systems can be directly com-ing cell dimensions have shown that this particular choice of
pared, since thgl11]-ordered zinchblende arjf@001-ordered  number of layers is sufficient to recover the proper bulk con-
wurtzite structures have the same coordination up to the thirditions away from the interface; this is a major requirement

The calculations were performed using one of the most
ccurate first-principles density-functional based methods,
amely, the all-electromLAPw code! Core-level electrons
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Al the [111] zGaN/Al and[0001] w-GaN/Al junctions. The in-
Betyns terfacial Ga-N distances can be compared with the bulk
i SSRGS w-GaN bond length of 1.92 A; they are found to differ by
only 1%, showing that the relaxations in the semiconductor
side are rather small. As expected, only thterface bond
| Ga Ga [ lengths in the semiconductor side deviate slightly from the
GaN bulk distances; already in the second layer, the first-nearest-
region | N N neighbor bond lengths typical of bulk-GaN are recovered
(within 0.3%). On the contrary, the Al-Al bond lengths in the
Ga metallic layer deviate by as much as 10% from the calcu-
lated Al-Al interplanar distance in fcc-A(111) strained on
N $ B-type w-GaN (0001) (za1.4=2.046 A). We find some bigger dif-
interface ferences between the relaxations in the two inequivalent in-
Al Al terfaces, mainly in the AI-N bond length. IB-type inter-
(0001) direction faces, the AI-N bond length is more or less unaltetby
<0.4%) with respect to the bulk Ga-N bond length, so that
FIG. 1. A- andB-type interface geometries. Al perfectly replaces the Ga cation of bulk GaN. On the
other hand, inA-type interfaces the AI-N bond length is
when dealing with potential lineup problems within the su-gmaller (by 2.2%) than the bulk Ga-N bond length, and
percell approach. _ ~ much closer to the bulkw-AIN bond length !bu'k
The equilibrium atomic-force- and total-energy-optimized _ g7 A)2° That is, the tendency of Al and N atoms to get

w-GaN lattice parameters ar@=3.16 A and c=1.6248  (joser is higheflower) when they are alignethot aligned
with an internal parameteu=0.377; for the zincblende along the growth direction.

structure we finda=4.48 A. The agreement with the experi-
mental values §=3.16 A, c/a=1.62, andu=0.377 for

wurtzite, anda=4.48 A for zincblendg? is excellent, as is B. Unrelaxed and partially relaxed GaNAI junctions
usual forFLAPw structural results for IlI-V semiconductors. In order to further investigate the effect of relaxations, we
also considered unrelaxed and partially relaxed systems. The
Ill. STRUCTURES AND ENERGETICS “ideal” (i.e., unrelaxegisystem, denoted asvfGaN/Al)'%, is
A. Relaxed GaNAI junctions obtained from{0001]-ordered bulkw-GaN, by removing the

o } . ) ) N atoms and substituting the Ga atoms for Al in half of the

Optimization of atomic positions is relevant4 inthe material. This gives rise to w-GaN/Al junction with Ga-N
GaN/Al system. As shown for[001] zGaN/Al" the  ang AI-N interface distances equal to the Ga-N distances in
Schottky-barrier heightSBH) is very sensitive to the inter- \y.GaN, and Al-Al distances matching the distance between
face geometry, namely, to the interplanar distances in proxsa cations inv-GaN. In the “partially relaxed” system, de-
imity of the junction. Due to the polar nature of the interface yoted as W-GaN/ANP", all the interface and subinterface
in the systems of interest here, we expect an even stronggiterplanar distances in the semiconductor side are those of
effect of the structural configuration. In fact, for bd®001]  the relaxed system, and the Al-Al distances in the metal side
w-GaN/Al and [111] zGaN/Al, two inequivalent gre forced to be the same.
N-terminated interfaces are possible. As shown in Fig. 1, in - \e focus first on the stability of the different systems. We
A-type interfaces, N is bonded to three Ga and one Al withshow in Table Il the energy gain per atom of each system,
the “long” Al-N bond parallel to the growth axis; ifB-type  referred to the most stable system, i.av-GaN/Al)™®'. We
interfaces, N is bonded to three Al and one Ga, leading t0 agpserve that the effect of atomic relaxations in the interface
interplanar distance that is ideally one third of the bondregion is quite high—about 50 meV/atom of energy gain
length. _ N _ difference betweenw-GaN/Al)® to (w-GaN/Al)P'—despite

All the atomic positions were allowed to relax; the rel- \he tact that their bulk bond lengths differ by less than 2%.
evant ||jterface bonq lengths for the optimized ggometnes a'®n the other hand, the energy is very stable against atomic
shown in Table I. First of all, we note that the differences in q|axation in the bulk Al it varies by only 6 meV/atom. As
bond lengths between zincblende and wurtzite systems aggpected, the interface geometry in the semiconductor side is
very small(less than 0.1%); this indicates the similarity of critical, while changes of the atomic positions within the
bulk metal region are far less energetically expensive. Also,
in agreement with previous resultswe found that the
zincblende structure is not favored compared to the wurtzite
phase(but only by at most 10 meV/atom?

TABLE I. Interface bond lengthgin A) in the fully relaxed
systems at thé\- and B-type interfacegsee text and Fig.)1

rel rel
A t;vgéGaN/Ag type A t;;-eGaN/Alé type In order to separatehemicaland structural contributions
to the SBH, we considered some unrelafédl]-ordered
dgan 1.94 1.95 1.94 1.94 (z-XN/Y)'? systems, wher¥,Y=Ga,Al. In these junctions,
dain 1.89 1.93 1.89 1.93 the atomic positions are frozen and set equal; only the

chemical species occupying the atomic sites differ. More-
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TABLE Il. Energy gain per atonfin meV/atom of the different systems referred ta/{GaN/Al)'®'. The
estimated error is about 2 meV/atom.

(w-GaN/Aly®! (z-GaN/Al)®! (w-GaN/AlyP" (w-GaN/Alyd (z-GaN/Al)'d

0 10 6 55 59

over, the zincblende undistorted structure does not show arjylashed line in Fig. @)]. A simple rationale can be found by
spontaneous piezoelectric field because of symmetry. Thes®nsidering the geometry of the two inequivalent interfaces
model nitride/metal junctions are not meant to simulate reakhown in Fig. 1. InA-type junctions, the four N p® orbitals
systems; in fact, since the stable structure of Ga is the conpoint towards three Ga and one Al, whereas they point to-
plex a-Ga structure, interface relaxations and coordinationsyards three Al and one Ga iB-type junctions. Thus, we

in the realXN/Ga junctions could be completely different expect the behavior of interface N atoms in GaN/Al to be
from those considered here. Nevertheless, we will take thes§milar to that in bulkw-GaN (W-AIN) for the A- type

ideal systems as reference structures. (B-type) interfaces.

Insights into the chemical bonding at the nitride/metal in-" 11,4 interface Al PDOS is remarkably different in the two

terfag:ses can be gaingd by focus"?g on the adhesion enerq}‘fequivalent junctions. In terms of PDOS8;type interface
E.q.~° In order to estimate the gain in energy when depos—AI resembles Al in bulkw-AIN [dashed line in Fig. @)],

iting Al or Ga on a nitride surface, we calculated the differ- whereasA-type interface Al shows a free-electron-like be-

ence between the adhesion energies in %l/Ga)? and . : Co R
AT (o Sy Tavr oo o e o b bk o At ne 1
—1.04 eV andE,4(AIN/Al) 9—E,,(AIN/Ga)'?=1.06 eV. ' y P typ

The larger energy gain for deposition of Al versus Ga on th “”‘F“O"?S is confirmed by the nonzero DO.S in the band-gap
N-terminated nitride surface is in agreement with the largef€9ion(i-e., from about-2 eV to the Fermi levelEg). The
formation energy of the AI-N bond compared to Ga4\. higher interface Al PDOS &g for Atype junctions|Fig.
Moreover, the gain in adhesion energy is similar for the two2(C)] suggests a more effective screening Btype inter-
nitride surfaces. faces[Fig. 2(f)].

Finally, the bond length does not greatly affect the DOS.
In fact, the PDOS(not shown for the “frozen” reference
structure v-GaN/Al)', having interface AIN and GaN bond

Finally, to investigate the role of a single metallic inter- distances equal to those in bukGaN, is very similar to the
layer on the SBH and electric field, we also focused on twoppQS for the relaxed system, where interface AIN and GaN
systems, £-AIN/Ga/Al)'" and (-GaN/Al/Ga)". These sys- pond distances are different from bulk. Therefore, the elec-
tems are obtained from the ideat-KN/X)'® junction by  tronic behavior is dictated by the number and direction of
substituting the firsK monolayer of the metallic side for  ,5nds petween different atoms rather than by their length.

C. Other model systems: Unrelaxedz-XN/Y/X (X,Y=Ga, Al)

monolayer.
. DENSITY OF STATES § | ] | Ramoa] ool A
Let us investigate the two inequivalent interfacésand % 03 12 ©J 024 “]
B in Fig. 1) in terms of their density of states for wurtzite- g 09 b Joask ]
based systemg&incblende-based systems are very similar 2 02 o v Jeik
and therefore not discussedn Fig. 2, we show the pro- § - i 1°F
jected density of stated?DOS on the Ga, N, and Al inter- = 03 o 1000
face atomic planes of the relaxedGaN/Al junction for g G e "o
A-type [Figs. 2a)-2(c)], and B-type [Figs. 2d)-2(f)] inter- 0.5 ————— 18— 036 ——————
faces. Figures @) and 2d) show that the interface Ga 7 |- Gi;,“{,ﬁ,’,f%ffﬂ 15| = Nk AN [ 5| Alinbulk AN
atomic plane in both tha- andB-type junctions has a PDOS £ % “F b @],
very similar to that of the Ga atomic plane in bulkGaN, § 03 L B
except for the increased DOS ndgr due to metal-induced § 02 C ]
gap states. On the other hand, the PDOS at the interface I; u 7
atomic plane clearly differs in thA- and B-type junctions; § 0.1 L .
note, in particular, that the feature at8 eV in Fig. 2b), 0 [ . y

mainly due to catiors states, is shifted towards smaller bind-
ing energieqto about—7 eV) in Fig. 2e). A more careful
investigation shows that many of the interface N PDOS fea- F|G. 2. Density of statetstates/eV atomprojected on the in-
tures forA-type junctions are common to bulk-GaN [see  terface Ga[panels(a) and (d)], N [panels(b) and (e)], and Al
dashed line in Fig. @)], while the interface N PDOS for [panels(c) and (f)] planes forA- and B-type (w-GaN/Al"' junc-
B-type junctions is more similar to the one in bulkAIN tions, respectively.

E (eV)
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02— 02— — T

117 ey e ] 016 = Gty |1 :
olef) " Paten & e~ ANGD® | FIG: 3.. Panel(a): .N 1s core-
012 R 012, — = (2-GaN/AlGa)" | level binding energyin eV) vs z
005l %_ Aot 4 ] 00z L (@-AIN/Ga/AD | ] coordinate along the growth axis
[ Acnterface ool e (z-GaN/AD;d 1 (in A), in the semiconductor bulk
%""’4‘ ___________ === LT ANAD [ region, for idealcircles, partially
{ o == o] = or SN Y relaxed (starg, and relaxed(dia-
P < 0,04 - T mond$ GaN/Al junctions. Panel
r i i (b): linear fit of the N 1s core-
-0.08 g . . .

Bnert ] - ' W level binding energyin eV) vs z
ong” interface == 012" e— A-interface B-interface —3 coordinate(in A), for XN/Y and
016" @ 1 Q10 (b ] XN/Y/X ideal systems X,Y

il 1 | 1 | L | L | L | L -
T 02— o 5 5 " =Ga,Al).
2(&) z(A)
V. ELECTRIC FIELDS laxed systemgsee Table I suggests that the electrostatic

energy accumulated in the semiconductor side by the field is
terms of geometry and bond lengths, gives rise to eIectri(E1eg|igib|e by far, compared to other energy terms related to

fields. In addition, in wurtzite-based systems we expect thétructural relaxations. Fgrth_ermgre,_the difference betwgen
presence of spontaneous piezoelectric fields, which vanisiie values of the electric field in zincblende and wurtzite
by symmetry in zincblende-based junctions. The &lcbre- ~ SyStéms is quite small, so that the presence of intrinsic pi-
level binding energies in wurtzite-based systems for ideal‘,320‘3_|ec'f_rIC fields is not play_lng a significant role in the de-
partially and fully relaxed systems vary linearly with depth, termination of the potential lineusee below.
as shown in Fig. @). The binding-energy scale has been The N 1s core-level binding energy for unrelaxed
shifted so that the binding energy at the center of the GaNincblende systems is shown in FighB The polarity of the
region is zero. The slope of the linear dependence gives thelectric field is the same in all the ideal systems but the
electric field; its magnitude is listed in Table Ill for all the magnitude shows large variations. It could be argued, on the
systems examined. The interface regions have been ekasis of Fig. &), that more symmetric junctiong.e., with
cluded, because they are subjected to local effects, due ®milar anion-cation bond lengths at the two sides of the
charge rearrangement in proximity of the junction. We ex-interface would exhibit smaller fields. Nevertheless, Fig.
pect the polarization charge, giving rise to the electric field,3(b) shows a large spread of electric field magnitudes, even
to be strongly affected by the interface geometry; in fact, thehough all the systems considered are ideal symmetric junc-
polarity of the field changes in going from ideal to relaxedtions. This shows the complexity of the problem, with the
systemgsee Fig. 8&)]. interplay of structural and chemical effects. We can give a
The mechanisms giving rise to the electric field are veryrationale to a part of the observed behavior. For example, we
complicated; it results from the interplay of boundary condi-note that in all ideal systems having AGa next to the
tions, interface charge redistribution, and screening effectsnterface, the electric field is negligiblguite large; it seems
The value and even the polarity of the field cannot be deterthat interfacial Al favors charge rearrangement in such a way
mined using simple electrostatic or electronegativity argu-as to screen the electric field much more efficiently than Ga.
ments. In this contexgb initio simulations are the only way As for the comparison between the two different nitrides, we
to take into account the microscopic details of the chargexpect, on the basis of ionicity arguments, a larger interface
rearrangement and the boundary conditions, giving a corrediond charge for AIN than for GaN; this is confirmed by most
description of the overall electrostatics. It can be argued thatf the results shown in Fig.(B).
the almost negligible electric field present in the unrelaxed Let us consider thezGaN/Ga)® and (-GaN/Al/Ga)
system is due to the tendency of Al to screen the electricystems. The only difference between these two systems is
field; this is undoubtedly true for every good metal. How- the metal layer next to N; however, the corresponding elec-
ever, the large total energy difference between ideal and reric fields are very differenfsee Fig. 8)]. This shows that

The inequivalency ofA-type andB-type interfaces, in

TABLE Ill. Electric fields (in mV/A) and Schottky-barrier height@ eV) at the two inequivalerd- and
B-type interfaces. The positive sign for the electric field values is assigned taking into account that the core
levels are deeper in going froB+ to A-type interface. The estimated error is about 0.5 mV/A.

(w-GaN/Aly®! (z-GaN/Al)®! (w-GaN/Al)P" (w-GaN/Alyd (z-GaN/Al)'d

E 23 14 31 -5 =7
oA 2.07 1.98 1.99 1.84 1.69
®B 1.69 1.76 1.48 1.93 1.80
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007 e 007 valence-band maximum and the metal A hinding energy
0.06 - : — o oe with respect to Ep: AE,=(ES3N—Egas) — (EAL i
g'gi-_ il _-g'gi —Eas)- However, evaluation of the barrier height in the
of N A Metal :" V8GN G presence of electric fields is not straightforward and deserves

o 002f 4% I Jooz — an appropriate discussion. In fact, whenever an electric field

& onf A ‘|| Joor & is present in the semiconductor side, the core-level binding

L of .| : Jo % energ|es(or_ gquwalently the elc.act.rosta.uc poteniialepend

Z 001 o 001 2 on the positiorg, so that Eq.(l).ls il defined. _

< 00 i —-002 < We therefore considered a linear extrapolation of the core-
003~ \ 4 - —-0.03 g level binding energiegor of the macroscopic average of the
0.04 1~ t ‘\\/’ J004 & electrostatic potentialand take for the reference energies
4B By e 0 = used in Eq.(1) the values extrapolated at the two interface
006 interace, | inerface 4006 planes(defined in the next paragrapWe then added up the
R S '150' R value of the binding energy in the semiconductor side and

z (A)

obtained two values, whose distance fremgives the SBH.
FIG. 4. Difference between the macroscopic planar average off this Wayj we implicitly a§sume that the Ferml level of the.
the valence charge densities inGaN/Gaj)® and ¢-GaN/Al/Gaj?  System is fixed to the one in the metal side. This procedure is
as a function of depttsolid line). Also shown is its integraldashed ~ €quivalent to that based on the PDOS on the different atomic
line). layers, where the SBH is obtained from the difference be-
tween the valence-band maximum in the bulk semiconductor
the major role in establishing the field is played by the inter-and the Fermi level. Previous studieshow that the results
face metal layer, rather than by the screening properties afo obtained agree with those obtained from El.within
the metal side of the junction. In other terms, the electric).1-0.2 eV.
field, for fixed periodic boundary conditions, is determined et us define the interface plane f&r and B-type junc-
by “interface” effects rather than by “bulk” properties of the  tions. From the depth dependence of the double macroscopic
constituents. In order to clarify the role of the interface meta'average of the valence charge dengitgt shown we find
layer, we plot in Fig. 4 the difference between the doubleynat the interface dipole, defining the potential lineup, is cen-
macroscopic averageof the valence charge densities for tereq in the interfacial N layer fd-type junctions, and half-
(z-GaN/Ga) and (-GaN/Al/Ga)? systems. The solid line way between interface Al and N planes fdtype junctions.

in Fig. 4 demonstrates the different ionic character of AINThe plane where the interface dipole is centered is arbitrarily
and GaN: more charge is localized at the interface N layefefined as the interface plane. We kept this choice for all our
when N is bonded to Al than to Ga. Moreover, the chargeynalyzed structures since the dipole location does not change
difference integral(dashed line in Fig. #shows that this o the different systems. We can estimate the uncertainty
effect is more pronounced fok-type interfaces, where the (gjated to this arbitrary choice, by considering interface
metal-N bond is parallel to the growth axis. This is in agree-pjanes that coincide with the extremes of the interface re-
ment with what was above pointed out for the relaxedgion namely, the interface Al and N planes. This leads to an
(GaN/Al)"®" systems: due to the particular interface geom-gnergy difference of the order of a few hundredths of an eV
etry, charge transfer from Al to N is favored Atype junc- (<0 06 eV), so that the overall uncertainty in the SBH val-
tions compared t®-type ones. ues adds up to 0.15 elincluding also the uncertainties in
Finally, we observe that the effect of the Galectrons on . 5re_jevel binding energies and positionE&).

the electric_dfield is negligible. In fact, if we consider the  gjce the supercell approach employed introduces artifi-
(z-GaN/Ga)" system and treat the Ghstates as valence or cja|ly two different interfacesA andB in Fig. 1) and there-

core electrons, we obtain exactly the same electric field.  t4re 'spurious boundary conditions, it is worthwhile exploring
whether this unrealistic model is reliable for SBH evaluation,

VI. SCHOTTKY-BARRIER HEIGHTS or instead gives a SBH dependent value on the boundary

Let us now discuss the most technologically importantconditions' To clarity _this paint we considered a larger

property, the Schottky-barrier height and its relation to piezo-\f’sv_glaIN/AI syst.err1n ﬁonS'St'ng. of 1f7 Gal9 '\]1 and S.Gaaﬂd

electric fields. Usually, within all-electron methods the SBH ayers, with the same interface configuratiore., the

. . same interplanar distances in proximity of the junclias
is evaluated following a procedure based on core-level enef;

. . that previously considered. As shown in Fig. 5, we find that
gies taken as referené&The SBH is expressed as the calculated electric field is strong@r, equivalently, the

d=Ab+AE,, (1) potential has a steeper slgpfer the smaller system; how-
ever, the SBH remains constant. This shows that the con-
whereAb is the difference between the Ga and A dore-  served property of the system is the SBH; the electric field
level energies far from the junction, and is typically an inter-modifies accordingly, fulfilling the boundary conditions and
face contributionAE,, on the other hand, is a bulk contri- keeping constant the difference between the SBHs at the two
bution and is given by the difference between theinequivalent interfaces. Hence, the procedure used to esti-
semiconductor Ga 4 binding energy with respect to the mate the potential lineup is correct.
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F LA R T T — T T T TABLE V. Electric fields (in mV/A) and Schottky-barrier
14 ° M heights(in eV) in A- andB-type unrelaxed junctions.
161 y P ] E DA o8
2 e I (z-GaN/Al)'d -7 1.69 1.80
- | (z-GaN/Ga}? -17 1.67 1.95
| (z-GaN/Al/Ga}“ -5 1.91 2.00
g 22 (z-AIN/Ga)'™ -25 2.42 2.84
§ o 1  (@ANAy -5 2.47 2.55
"L (z-AIN/Ga/Al) ' —18 2.40 2.70

)
)
I

= -

28 ] out that complex chemical reactions occur at the interface:

| L . . | . L L |
9 -6 3 0, 3 6 9 the much larger heat of formation of AIN compared to GaN
=® (Ref. 14 drives a Ga-Al interface exchange reaction, so that
FIG. 5. Macroscopic planar average of the electrostatic potentiaile junction becomes a metal-insulator-semiconductor Al/
(in eV) as a function of depth in the GaN region afGaN/Al)"®! AIN/GaN structure. Moreover, since several kinds of defects
junctions: comparison between the calculations for cells corre@nd impurities(such as oxygen and N vacangi¢mve been
sponding to 13 GaN layerseven N and six Ga layerghick solid ~ reported to occur at the interfat&®1%the theoretical and
line, and 17 GaN layergnine N and eight Ga lyeysthick dashed experimental values of the SBH cannot be directly com-
line. The thin solid(dashed line marks the slopéelectric field for pared.
the smaller(biggep cell size. Finally, in order to disentangle structural from chemical
) ] contributions to the SBH, let us discuss the barrier values
Let us now discuss the values of the SBH estimated fogalculated for ideal systems in relation to the corresponding
the relaxed and partially relaxed systefsse Table Ill; qua-  electric fields (see Table IV. First of all, SBHs for
siparticle effects and spin-orbit coupling have been ne{GaN/y)id (Y=Ga, Al) interfaces are generally smaller
glected. First of all, note that, within the procedure used tq1 7-2.0 eV than for (AIN/Y)® (2.4—2.8 eV. The rectify-
estimate the SBH, the difference between the Schottkymg hehavior of the contact is therefore stronger for the more
barrier heights at the inequivalent interface§d(*®) is  jonic AIN than for GaN. On the other hand, for different
given by the electric field times the thickness of the semimetals on a given semiconductor, we note slightly smaller
conductor regioripotential drop across the semicondugtor mgdifications of the barriefwithin 0.3 eV). Furthermore, we
This implies that, for infinite thickness, the electric field fing that the difference between the SBHsAnand B-type
tends to vanish, so as to maintain a finik*®. This is interfaces is smaller for Al than for Ga contacts. This is
consistent with the different charge rearrangement occurringonsistent with the smaller electric field found for Al con-

at each interface type, so that the Schottky-barrier height at gycts, and with the more effective screening properties of Al
certain interface is a well defined quantity, not dependent ogjiscussed above.

boundary conditions! Within the uncertainty estimated  Consider now the effect of the metallic intralayer on the
above, we observe that all SBH values are in the range 1.5garrier. Any difference in SBH fokN/X junctions with and
2.0 eV(see Table Il. Due to the electric field, the barrier is yjthout an intralayer has to be ascribed to the interface term,
generally higher inA type than inB type interfaces for re- Ap since the bulk termAE,,, is the same. The overall effect
laxed systems. A straightforward comparison of the Schottkyg quite small(0.2 eV at mostand the type of metallic layer

barriers calculated here with the value for culi@0l] s not important for the SBH value, as long as the interface
zGaN/Al (1.51 eVJ” cannot be done because the interfacegeometry is kept constant.

morphology is very different. In terms of bond lengths and™ gingly, it is interesting to check the transitivity rdfefor

interface geometry, we find stronger similarities of this sySthe potential lineup in these ideal systems with inequivalent
tem with B-type relaxed interfaces, whose SBH comes out tQnterfaces. In our case, each junctioh-(or B-type) can be

be very close to the one {001] zGaN/Al. thought as being composed of different stacked junctions:
From the experimental point of view, the transport prop-
erties of the GaN/Al junction are still under debate. As for (XN/Y)9 = (XN/X)9+ (X/YN)I+ (YN/Y)id
A A B A

the nature of the contact, it seems well established that unan-

nealed junctions show a rectifying behavidf+®1° how- y y y ”

ever, many different values for the SBH exist in the recent (XN/Y)g = (XN/X)g + (XIYN) L + (YN/Y)g .
literature. For example, photoemission measurements for the o .

[0001] p-dopedw-GaN/Al junction indicate a barrier value 1he transitivity rule is expressed as:

of 0.8 eV or 1.5 eV**® whereas current-voltage characteris-

tics suggest a barrier of 0.6 é¥Our results(see Table 1) DAXNIY) = DAXN/X) = DE(YN/X) + BA(YNIY).
agree with the rectifying behavior experimentally found; our

values are in quantitative agreement with the photoemission From our calculations ®*(AIN/Ga)=2.42 eV and
results by Bermudeet al® Nevertheless, it has to be pointed ®2(AIN/Ga)=2.84 eV. According to the transitivity rule:
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DOA(AIN/AL) — DB(GaN/Al) + PA(GaN/Ga on the basis of electronegativity arguments or bond configu-
ration at the interface. However, we have identified some
=2.47-1.80+1.67=2.34 eV, leading mechanisms in establishing the electric field in ideal
5 A 8 unrelaxed systems, related to the different chemical species
DE(AIN/AL) — D7 (GaN/Al) + d=(GaN/Ga in the nitride and metallic sides of the junction.

—255-1.69+1.952.81 eV. On the other hand, the SBH for a fixed geometry is inde-
pendent of boundary conditions.

Thus, there is good agreement with the calculated Our procedure to estimate the SBH in the presence of an

®A(AIN/Ga) and ®B(AIN/Ga) values (within the uncer- electric field is found to give reliable results, reproducible

tainty of the calculations and the transitivity rule is well when increasing the unit-cell dimensions. We have shown

satisfied. This result shows the reliability of the method pro-that the value of the SBH is not greatly affected by the pres-

posed here to evaluate SBHs. ence of electric fields, of whatever polarity; this leads to
changes in the SBH of only a few tenths of an eV. Good
VIl. CONCLUSIONS agreement with available experimental data is also found.

. i Finally, the transitivity rule was tested for ideal systems with
We have performeab initio FLAPW calculations of the  a_andB-type interfaces; it provides SBH values in excellent

potential lineup at GaN/Al interfaces, for bdthl1]-oriented 54 reement with the calculated values, showing the consis-
zincblende andl0001]-oriented wurtzite systems. Our calcu- tency of our calculations.

lations focused on the effects of structural modifications on

total energies, electric fields, and SBHs. We have shown that,
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