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Effects of interface morphology on Schottky-barrier heights: A case study on Al/GaAs„001…
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The problem of Fermi-level pinning at semiconductor-metal contacts is readdressed starting from first-
principles calculations for Al/GaAs. We give quantitative evidence that the Schottky barrier height is very little
affected by any structural distortions on the metal side—including elongations of the metal-semiconductor
bond~i.e., interface strain!—whereas it strongly depends on the interface structure on the semiconductor side.
A rationale for these findings is given in terms of the interface dipole generated by the ionic effective charges.
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Despite several decades of extensive experimental
theoretical work,1,2 the key factors affecting the Fermi-leve
pinning at metal-semiconductor contacts have not yet b
clearly assessed. In a review written almost ten years a3

Tersoff identified the most relevant controversy as
whether the pinning is determined byintrinsic interface
states which exist even at an abrupt ideal interface, or
extrinsic electronic states arising from native defects: t
remains the main controversy to date. Unfortunately, ther
essentially no experimental access to the microscopic m
phology of a given interface: were this known, the actu
Schottky barrier height would be unambiguosly determin
by the laws of electrostatics and of quantum mechanics.
a given ~and simple enough! morphology, the barrier can
nowadays be accurately predicted from first principles.4–10

Other theories and models, based on various concepts—
as the charge-neutrality level2—could provide a complemen
tary useful approach, provided they are validated aga
some parameter-free descriptions of the same phenom
Since real interfaces are ‘‘complex and dirty,’’ firs
principles calculations performed on idealized geomet
provide a deal of unique ‘‘experimental’’ information tha
any successful model will have to account for.

Previous theoretical work has unequivocally assessed
following facts: the barrier height depends of the nature
the metal;4 it also depends on the crystallographic orientat
as well as on the microscopic morphology of the interfac7

The electronic mechanisms governing the value of
Schottky barrier—as well as their dependence on the mi
scopic morphology of the interface—have not been syst
atically investigated so far and are basically unknown. H
we provide a contribution in this direction, by studying th
barrier-height variations induced in Al/GaAs~001! by several
structural and morphological perturbations which a
560163-1829/97/56~23!/14921~4!/$10.00
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switched on and off in our computational framework. O
calculations provide a microscopic probe for the nature
the interface—including its ‘‘effective’’ thickness—and fo
the electronic response phenomena responsible for the
rier height. In a microscopic description of insulating ma
rials, the basic constants which couple electrostatic poten
to ionic displacements go under the name of dynamical
fective charges. In the present work we elucidate the cru
role of the dynamical charges of interface ions in determ
ing the variations of the interface dipole.

The Al/GaAs~001! interface issp bonded and almost per
fectly lattice matched~1% mismatch!; because of the actua
growth conditions, the semiconductor is likely to be As te
minated. At variance with previous first-principles work, w
do not aim at a detailed modeling of the real interface;
stead, we concentrate on a reference system as simp
possible, so as to evidentiate the leading effects induced
controlled variations of the interface morphology. We a
sume therefore a defect-free epitaxial geometry as a work
hypothesis. On the same ground, we study here an idea
strained interface where the metal is a fictitious Al, perfec
lattice matched to GaAs, and hence retaining its cubic str
ture in the epitaxial overlayer. Strain effects, although qu
titatively sizeable, are considered spurious in the pres
analysis~see, however, some considerations below!.

The interfaces are modeled with periodically repeated
percells. The results for our~001! interface are obtained with
a supercell where the semiconductor slab is chosen w
double As termination, thus containing two equivalent jun
tions. In this geometry the metal and the semiconductor
bic axes are rotated by 45° around the growth direction,
the lattice-matching condition sets the ratio of the two cu
lattice constants equal to 1/A2. A typical supercell, such a
that used for the calculation shown in Fig. 1, contains 9
14 921 © 1997 The American Physical Society
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14 922 56BRIEF REPORTS
layers, 6 Ga layers, and 7 As layers, for a total of 31 ato
~there are two Al atoms per layer!. We focus on the barrie
between the GaAs valence-band edge and the Al Fermi le
relevant for hole carriers and hence indicated asFp . As
usual,11 the barrier height can be partitioned into two cont
butions: the electrostaticpotential lineupacross the interface
DV, and theband-structure termDEp . The latter is the dif-
ference between the Fermi energy of the metal and
valence-band edge of the semiconductor, each meas
with respect to the average of the electrostatic potentia
the corresponding crystal. The potential lineup is
interface-specific property and therefore must be extrac
from supercell calculations; the band-structure term is
difference between bulk properties of the two constituen
and hence it is obtained from independent calculations
crystalline GaAs and Al. The calculations have been p
formed within density-functional theory in the local-dens
approximation, using pseudopotentials12 and plane waves
~with a kinetic-energy cutoff of 18 Ry!; reciprocal space in-
tegrations are performed on a Monkhorst-Pack special-p
grid,13 using the smearing technique of Ref. 14~see also Ref.
15!. The 31-atom supercell calculations are well converg
using a~10,10,2! grid and a smearing parameters50.01 Ry.

Typical results are shown in Fig. 1. The solid line is t
macroscopic average11 of the electron density, in units o
~valence! electrons per semiconductor cell. In these units
bulk density of the semiconductor is 8, whereas the one
the bulk Al reaches the value of 8.485, which is 6~number
of electrons in one periodicity of Al! timesA2 ~ratio between
the periodicity in the GaAs region and the one in the
region!. Because of symmetry, we show only one half of t
supercell. It is easily realized that the actual density reac
its bulk value very close to the junction, thus showing th
the supercell is large enough to model the isolated~and neu-
tral! interface. Solution of the Poisson equation for thetotal
charge~electronic and ionic! yields the macroscopic averag
of the electrostatic potential, shown in the same figure a
dashed line. The lineup between the plateaus in the two b
coincides with theDV discussed above: its value for th

FIG. 1. One-half of the 31-atoms computational supercell m
eling the~001! interface: in abscissa we have thez coordinate nor-
mal to the interface. The positions of the atomic layers are sho
using vertical bars of different length: the labels identify the lay
closest to the junction. The functions displayed are the macrosc
averages—defined as in Ref. 8—of the electronic density~solid
line, scale at the left!, and of the total electrostatic potential~dashed
line, scale at the right!.
s

el,

e
red
f

n
d
e
s,
r

r-

nt

d

e
of

l

es
t

a
ks

calculation is 2.74 eV. Two independent self-consistent c
culations for the individual bulks are then performed: we fi
that the electrostatic-potential average is 8.65 eV below
Fermi level in bulk Al, while it is 5.17 eV below the valence
band top in bulk GaAs. Putting these three figures toget
we get the valueFp50.74 eV for the Schottky barrier at ou
ideal junction between GaAs and fake Al. When we comp
different ~001! calculations among themselves, as exte
sively done below, our estimated numerical accuracy forFp
is 0.01 eV: we stress that this is arelative accuracy for a
given set of technical ingredients. We now investigate h
our calculated value ofFp depends on different perturba
tions which alter the interface morphology.

First of all we insert a thick layer of vacuum between t
metal and the semiconductor: the calculated value of the
rier becomes thus equal to the difference between the w
functions of the metal and of the semiconductor. Tech
cally, we perform the calculation in the same geometry as
Fig. 1, butremovingthe Ga1 and As1 layers. We find in this
way a barrier of20.24 eV, very much different from the
previously calculated value ofFp50.74 eV. This result
provides further evidence~if any was needed! that the early
Mott-Schottky model—where the identity of the two quan
ties was postulated—is invalid.

We consider then a verythin layer of vacuum: instead o
breaking the Al–As bond, we gently elongate it while kee
ing the rest of the structure rigid~the length of the supercel
is elongated accordingly!. Such a displacement is common
referred to asinterfacial strain. The Schottky barrier is found
to depend very weakly upon interfacial strain: it takes in fa
a strain as large as 3% in order to varyFp by 0.01 eV, our
estimated numerical accuracy. With the~enormous! value of
10%,Fp varies by about 0.04 eV.

Next we perform an analogous 10% elongation, but
the Ga–As bond nearest to the interface: we get in this c
the much larger variation of 0.09 eV. We give below
simple rationale for such a different dependence ofFp on
different local strains: we will see that the dynamical charg
of interface ions play a major role.

The next step is to consider the effect ofbulk strain on the
metal side. Of course in the epitaxial geometry only uniax
tetragonal strain is allowed, where the Al lattice consta
along the growth axis is elongated by a factor 11e. The
calculatedFp is completely insensitive toe: a calculation
performed fore50.01 gives aFp variation of 0.01 eV. The
e value of 1% corresponds to the actual mismatch-indu
relaxation of an epitaxial Al slab~when we choose the A
bulk equilibrium lattice constant equal to the theoretic
one!. This finding is rather unexpected, since—according
previous theoretical work—the barrier for a given semico
ductor seems to vary with the nature of the metal.4 Instead
we find that the barrier is unchanged in the special case c
sidered, namely two metals having the same chemical c
position but different lattice parameters, hence different el
tronic densities.

We elaborate a little bit more about these findings, wh
give insight into the robustness ofFp and shed some light on
the very important—although disturbingly vague—conce
that the barrier is formed extremely close to t
semiconductor.1 Imagine an ideal double interface, where t
semiconductor is joined to a first metal, and then the fi
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metal is joined to a second metal. The barrier forms at
semiconductor/metal interface, and then—if the middle s
is thick enough—remains constant through the second in
face, since the Fermi level is aligned across any metal/m
contact. Thistransitivity rule is not expected to hold whe
the thickness of the middle slab is reduced. Instead, in
case study a macroscopic slab is not needed—not ev
microscopic one—in order for the barrier to be robustly
tablished. As a double check of our transitivity finding, w
scrutinize the two contributionsDV and DEp separately:
while their sum turns out to bee independent, their indi-
vidual variation is sizable. With the above value ofe50.01,
the calculatedDEp varies by20.10 eV: we wish to compare
this to theDV value at an ideal strained/unstrained me
homojunction. To this aim, a supercell calculation is unn
essary:DV is a pure volume effect, and we get it by calc
lating the deformation potential16 of bulk Al, i.e., the linear
variation of the Fermi energy, measured with respect to
average of the electrostatic potential. We find in this w
DV520.11 eV, in very good agreement with the abo
value.

The next probe we are going to use in order to test
robustness of the barrier height, is the displacement of in
vidual atoms, while the rest of the structure is kept fixed. T
basic quantities measuring the response of the electronic
tem to such perturbations are the effective charges for la
dynamics. Consider a displacement of an ionic plane in
bulk semiconductor by an amountu: this creates a dipole pe
unit area, inducing a potential lineup ofDV
58pe2ZT* u/(«`a2), wherea is the cubic lattice constant
«` is the dielectric constant, andZT* is the Born~alias trans-
verse! dynamical charge of the given ionic species.17 Given
the composite nature of our heterostructure, it proves be
to deal with ZT* and «` altogether: we focus then on th
longitudinaldynamical chargesZ* 5ZT* /«` . The bulk GaAs
value appropriate to our computational framework
Z* 560.18, while in any bulk metalZ* vanishes due to
perfect screening.18 The calculation of the dynamical effec
tive charges of the different ions across the junction give
way to monitor the transition between the two bulk materi
and provides a very meaningful measure of the interf
thickness. In fact, a structural distortion may affect~to linear
order! the electrostatic lineup—and hence the barr
Fp—only if it displaces ions whoseZ* is nonvanishing.

Our calculations follow Ref. 17, with a typicalu value of
0.03 a.u.; a conservative estimate18 of the numerical accu-
racy of our Z* ’s is 0.01. When approaching the interfa
from the semiconductor side, our calculatedZ* values are:
10.18 ~Ga2), 20.15 ~As2), 10.14 ~Ga1), 20.07 ~As1).
Entering into the metal, the calculatedZ* drop rapidly to
their ~vanishing! bulk value. Since there are two nonequiv
lent Al atoms per plane, we displace each of them at a ti
We get60.01 for Al1, and20.01,10.02 for the Al2 atoms.
These figures~also shown in Fig. 2! have been rounded t
0.01: their apparent differences being of the order of
numerical accuracy. One important message emerging f
our calculatedZ* ’s is that—as far as the dynamical charg
are concerned—the interface is very sharp on the metal s
while instead a semiconductor ion ‘‘feels’’ the presence
the metal up to a depth of a few layers: the closest ca
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~Ga1) is already strongly ‘‘nonmetallic,’’ though not ye
bulklike. AlthoughZ* is a linear property of lattice distor-
tions, our calculations indicate that a structural defect on
metal side—even very close to the junction—would have
little effect on Fp ; while on the contrary a defect on th
semiconductor side is likely to have a sizeable effect.
particular importance to the barrier height are therefore
detailed arrangements of the semiconductor atoms close
the metal~given that noncentrosymmetric structural defe
deep in the semiconductor can be ruled out!. This sensitivity
of the barrier height to the morphology of the first few sem
conductor layers is in qualitative agreement with the findin
of other authors,4,6,9 who have considered chemical defec
in an otherwise undistorted structure.

We have recently discovered a novel sum rule for
dynamical charges at the surface of a semi-infinite crysta19

which is easily generalized to the case of an interface
tween a pair of semi-infinite crystals. The present~001! ge-
ometry is a particularly simple example, where the mean
of our sum rule can be made clear without any formal de
vations. We first observe that the usual acoustic sum ru20

~ASR! requires the sum of allZ* in the supercell to vanish
in fact, our calculations comply with ASR within a few time
0.01. The sum rule can be interpreted as a ‘‘dynamical n
trality’’ of the supercell as a whole: since our supercell co
tains two equivalent interfaces, the ASR obviously impli
the dynamical neutrality of each of them separately. We m
assume each of the interface regions to be one half of
supercell, and clearly the sum of theZ* vanish in each of
them. The key point is that our semiconductor slab han
cations andn11 anions (n56 in the actual calculation!, and
therefore the central anion must be reckoned with weightone
half in summing the dynamical charges of each interfa
One arrrives therefore at the important conclusion—wh
applies in general to anyisolated~001! metal/semiconductor
interface—that the sum of the dynamical chargesZ* in the
interface region equalsone-half the bulk dynamical charge
of the semiconductor~with the appropriate sign!. As a cor-
ollary, the semiconductor ions in the interface regioncannot
have the same dynamical charges as in the bulk. All this i

FIG. 2. The left panel shows the calculated dynamical char
in the form of a hystogram; the darkest regions indicate our num
cal accuracy in the calculation. The right panel is the macrosco
average of the left one: it shows the averages of theZ* ’s over a
segment, centered at a running point, and whose length equal
periodicity of the bulk semiconductor region. The plot illustrates t
dynamical neutrality of the interface, and also shows that the in
face region is more extended on the semiconductor side than o
metal one.
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perfect agreement with our computational findings.
The dynamical charges are very closely related to

lineup induced~to linear order! by interface strain, as firs
shown in Ref. 21 for the similar case of a semiconduct
semiconductor heterojunction. In the present case we h
independently calculated the effect of interface strain~see
above! and found that it is very small. More precisely, w
find zeroFp variation ~within our computational tolerance!
when the bond-length elongation is comparable to the
used in calculating theZ* ’s. The explanation for this finding
lies in the fact that all the dynamical charges on the me
side are extremely small. Let us think of an isolated junct
between two semi-infinite bulks: the interface strain amou
to a rigid relative translation. Suppose first that the semic
ductor is kept fixed, and that the metal is displaced: by
earity, the lineup induced by the displacement of the se
infinite metal is the sum of the lineups induced by t
displacement of individual metal planes, and this sum
close to zero using our calculatedZ* values. We wish to
recover an identical result when we keep the metal fixed,
we displace the semiconductor instead: this looks less triv
since the dynamical charges oscillate indefinitely in
semiconductor bulk. We have shown in Ref. 19 how to re
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larize such an indeterminate sum using the appropr
physical criterion: to the present purposes, it suffices to
that the dynamical neutrality of the interface, discuss
above, is the crucial property ensuring the correct result.

In conclusion, we have shown that the dynamical effe
tive chargesZ* in the interface region are the key quanti
for rationalizing morphology-induced variations of th
Schottky barrier. A detailed study of these charges sh
which distortions affect~or do not affect! the barrier height.
Actual calculations performed for As-terminated A
GaAs~001! show that the semiconductorZ* converge to
their bulk value rather slowly: the actual thickness of t
interface region, when monitored by means ofZ* , is defi-
nitely larger than an analysis of the mere static electro
charge would suggest. Finally, owing to our sum rule,19 the
sum of allZ* in the interface region equals one half the bu
Z* value.
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