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A study of heterojunction interface geometry based on our measured differences in 3d core-state binding
energies for germanium and gallium at Ge-GaAs heterojunctions of different crystallographic orientations is
reported. For the interfaces which have been studied, i.e., (110), (100) Ga, (100) As, (111)Ga, and (111)
As, orientatiori-dependent variations in dipole contributions to valence-band discontinuities of about 0.2 eV
have been observed. From electrostatic considerations we deduce the simplest interface geometries consistent
with the facts that the differences are small and no large charge accumulations can occur at the junction. An
abrupt planar junction is allowed for the (110) interface, but the polar interfaces require at least two
transition planes of atoms with compositions which are deduced from the two conditions above. The
electrostatic calculations were based upon the differences in nuclear charge and are unaffected by the
resulting polarization of the bonds if that polarization is described in an "electronegativity" approximation.
In this approximation there would in fact be no dipole shift for the ideal geometries proposed. An improved
treatment of the bond polarization based upon the bond-orbital model gives residual dipole shifts somewhat
smaller than those observed, and in poor agreement with our measurements. Inclusion of lattice-distortion
effects at the interface also fails to account for the observed dipole shifts. We conclude that the
experimentally prepared junctions must contain deviations from the ideal atom arrangements. The number of
these deviations required to account for the observed shifts is on the order of one for every fifteen interface
atoms.

I. INTRODUCTION

It has been possible to understand the essential
properties of heterojunctions without concern for
the possibility of electrostatic dipole shifts at the
interface. Band-edge discontinuities could be
predicted from differences in experimental elec-
tron affinities' or theoretically from differences
in bulk energy bands. A direct estimate of the
dipole for a Si-Qe junction, ' a detailed treatment
of the Ge-GaAs nonpolar (110) junction by Picket,
Louie, and Cohen, ' and general considerations of
junctions by Frenslep and Kroemer4 all suggested
that indeed the dipole effects should be small, at
most on the scale of a few tenths of an eV.

If, however, there were rio electrostatic dipole
shifts at the interface, the band-edge discon-
tinuities would necessarily be identical for any
pair of materials, independent of the crystal
orientation of the interface separating them. Thus
a measure of differences for different crystal
faces can give unambiguous evidence for dipole
shifts and experimental distinction of dipole shifts
from intrinsic band-energy differences associated
with electron affinities. We analyze here a direct
measurement of the differences in dipole shifts
on different interfaces for Ge-GaAs heterojunc-
tions, ' and thus the first direct evidence of elec-
trostatic dipole shifts.

To see what these measurements can tell us

about the junction, we need a formulation of the
electrostatic properties of the different junctions.
This leads immediately to the fact thai properties
such as dipole shifts are extremely sensitive to
the detailed geometry of the interface. Because
details are not known experimentally, we use the
experimental findings, with the electrostatic
formulation, to learn about the geometry. We find
that the analysis places rather stringent conditions
on the geometries which must exist in the experi-
mental systems.

In Sec. II, the experimental results concerning
the measurement of the relative dipole shifts are
briefly summarized. In Sec. III, we make a care-
ful formulation of the electrostatics for (110),
(100), and (111)interfaces, and include bond di-
poles in a simple approximation, finding that the
ideal planar geometry is not allowed for the polar
interfaces. We then proceed to find the simplest
geometry which is consistent with the experimen-
tal findings of only small shifts. Geometries are
in fact found which give no shift at all and the
problem becomes that of understanding the ob-
served small shifts. Improvements in the calcu-
lation of electron redistribution, discussed in
Sec. IV, do not account for them, nor do lattice
distortions suggested by covalent radii, and dis-
cussed in Sec. V. In Sec. VI, we conclude that the
experimentally prepared junctions must contain
deviations from the proposed ideal-atom arrange-
ments.
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II. SUMMARY OF EXPERIMENTAL RESULTS

FOR Ge-GaAs HETEROJUNCTIONS

For convenience, in this section we briefly
summarize our experimental findings on the rela-
tive dipole shifts for Ge-QaAs heterojunctions
with different crystallographic orientations. These
results which employ x-ray photoelectron spectro-
scopy (XPS) as the primary measurement tech-
nique have now been reported. '

Substrates of GaAs with (100), (111), (111), and

(110) faces were cleaned within the XPS vacuum
system by Ar'-ion sputtering (750 eV) followed
by annealing at about 575'C to remove sputter
damage. After annealing the surface, cleanliness
was confirmed by XPS and the removal of sputter
damage was assessed by low-energy electron dif-
fraction (I.EED). Very thin (=20 A) epitaxial
layers of Ge were grown within the XPS appara-
tus on heated (=425'C) GaAs substrates by evapor-
ative molecular beam epitaxy (MBE) techniques.
Additional LEED measurements confirmed the
epitaxy of the Qe overlayers. XPS was used to
measure the differences in Ge-3d and Ga-3d core-
level binding energies at Qe-GaAs heterojunctions
with different crystallographic orientations. As
discussed in Ref. 5, observed changes in core-
level binding energies provide a direct measure
of the crystallographic orientation dependence of
interface dipoles and variations of band-gap dis-
continuities.

Measurements were carried out on eight dif-
ferent interfaces. In Table I we summarize the
results. Additional experimental details may
be found in Ref. 5.

III. THEORY OF THE DIPOLE SHIFT

junction plane) through a germanium crystal, with
germanium atoms extending indefinitely on both
sides. We imagine having solved for the electronic
states in this system which by definition has no
dipole shift across the junction. We will then
"freeze" the electronic structure and imagine
transferring protons between nuclei to the right
of the junction such as to convert half of the nuclei
to gallium (atomic number one less than germa-
nium) and half to arsenic (atomic number one
greater than germanium). This shift of protons
(theoretical alchemy') will of course produce an
exactly calculable change in electrostatic poten-
tial and may produce an accumulation of nuclear
charge at the interface or a dipole layer at the
interface. [In fact, both occur at polar inter-
faces, (100) and (111).j We then allow the elec-
tronic system to relax, which if done sufficiently
accurately would lead to a precise description of
the true Qe-QaAs heterojunction with this parti-
cular set of germanium, gallium, and arsenic
atom positions. The change in electronic struc-
ture can, of course, only be done approximately
but the most important qualitative features can be
obtained rigorously.

We begin with a, discussion of the (110) inter-
face, which provides a reference for the other
interfaces. Shown in Fig. 1 is a Ge-GaAs (110)
interface resulting from the transfer of protons,

—Ge

—Ga

—As

TABLE I. Ge 3d-Ga 3d binding energy differences
&Eg for various Ge-GaAs heterojunctions. All error
limits are +0.01 eV.

Substrate
surface (111) Ga (100) Ga (110) {100)As (111) As

10.27
EB (eV) 10 31 10.22 10.1710.20 10.11

10~ 10

We are concerned here with potentials arising
from infinite arrays of charges, a type of prob-
lem known to be very tricky and even to lead to
conditionally convergent answers in some cases.
It is therefore absolutely essential to proceed with
care and to be certain that we include the essential
physical effects correctly. A model of the system
may not be adequate; we must treat the system it-
self.

To do this we start with a plane {to become the

FIG. 1. A (110) heterojunction between Ge and GaAs.
The crystal is viewed along the [110]direction with the
[001] direction vertical. Note that every plane of atoms
parallel to the junction is on the average neutral corres-
ponding to a nonpolar junction. The symbols used to
identify specific atoms are defined in this figure and are
the same in all figures. All atoms are tetrahedrally
bonded; the "double" bonds schematically illustrated in
the figures are two tetrahedral bonds separated by the
usual 109' tetrahedral bond angle and projected on to
the plane of the figure.
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with the electronic structure still frozen as in
germanium. It is apparent from the figure that
each plane of atoms parallel to the interface is
still neutral on average. This corresponds to the
transfer of protons parallel to the surface, per-
haps downward in the figure. This also corre-
sponds to no charge accumulation at the inter-
face nor any electrostatic dipole layer. There
are, of course, fluctuations in electrostatic po-
tential along the interface, but the potential aver-
aged over a, plane parallel to the interface (which
is equivalent to the potential at one point due to
charges averaged over planes parallel to the sur-
face) is unchanged. - At a heterojunction interface,
the terms dipole shift and charge accumulation
are defined as a discontinuity in average potential
and average potential slope, respectively. The
average potential is defined as the potential aver-
aged over a plane midway between adjacent atomic
planes. We will return later to the relaxation of
the electronic structure and see that its effect
should be very small.

We turn next to a (100) interface shown in Fig.
2. Again, think of the electronic structure as
frozen to be the same as in germanium. In this
case each plane of atoms parallel to the interface
is charged; this corresponds to proton transfer
perpendicular to the interface. The consequences
of this transfer may not be immediately obvious,
but we may again understand them by averaging
the charge distribution over planes parallel to the
interface. We may readily integrate Poisson's
equationfromthe germanium on the left, where we
take the potentia, l to be coristant and zero through
the junction. The result is illustrated at the bot-
tom of Fig. 2. Upon crossing the first plane of
negatively charged atoms the potential gradient
becomes positive and constant, and then becomes
zero again after crossing the first plane of posi-
tively charged atoms. Thus the potential in the
GaAs contains an average gradient in addition to
a fluctuating component; the average gradient may
be thought of as coming from charge accumula-
tion at the interface due to proton transfer, and
therefore polarization density, perpendicular to
the interface, and terminating at the interface. In
any case, it is real and unambiguous and results
in a potential which cannot be sustained in the real
system because it leads to potential differences
over a few atom distances which are greater
than the band gap; spontaneous generation of car-
riers would immediately occur.

Let us turn to the redistribution of the electrons
due to the redistribution of protons. We look first
at the response to the fluctuating component of
the potential, with the average potential gradient
subtracted. This becomes just the fluctuating po-

= [ool]

FIG. 2. A (001) heterojunction between Ge and GaAs,
again viewed along the [710] direction with the [110]
direction now vertical. Note that the first atomic plane
to the right of the junction is entirely Ga [it is therefore
called a (001) Ga junction] which, without bond polariza-
tion, is negatively charged. The potential averaged over
planes parallel to the junction, is obtained by integrat-
ing Poisson's equation from left to right. A nonzero
average electric field has arisen to the right of the
junction due to charge accumulation. It is riot elimin-
ated by bond polarization although this will change the
sign of the effective charge on the Ga (see Sec. IV).

tential which would arise in a bulk crystal from
converting the germanium nuclei to gallium and
arsenic nuclei Ifor example, by transferring pro-
tons parallel to the surface of a slab with (110)
surfaces]. The charge redistribution could be
calculated rather reliably in a linear combination
of atomic orbitals (LCAO) context and in the bond-
orbital model' in particular, but the essential
features are more easily understood in terms of
an electxonegativity approximation. In that ap-
proximation we assert that the added proton
lowe r s the ene rgy of the atomic state s on the
arsenic atom, the removed proton raises the en-
ergy on the gallium atom, and this effect polarizes.
the intervening bonds towards the arsenic. This
will produce a dipole in the bond but no net change
in the chaige of Geo in the bond Whatever cha.rge
is added to the arsenic is removed from the neigh-
boring gallium atoms. This would follow from any
nearest-neighbor (or higher-order neighbor)
LCAO or Wannier -function calculation. It follows
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that charge redistribution in the bonds at the in-
terface cannot remove the charge accumulation
which arose from the proton transfers.

We turn next to the average potential gradient,
which has not been eliminated by the bond distor-
tions. (In our construction this occurred in the
GaAs, but it could as well have been in the Ge; it
is the difference in gradients which is guaranteed
by the electrostatic calculation. ) This gradient
will cause an additional polarization of each bond
extending indefinitely to the right and therefore
can cause a c'harge accumulation. This is just
the dielectric polarization of QaAs and reduces
the average field by a factor of the dielectric con-
stant &. We are left with an average potential
gradient which may be readily calculated. The
charge density in each plane is 2e/a', where a is
the cube edge, 5.65 A for QaAs. The change in
the potential gradient (V'p = -4w p) is 4w times
this. To obtain the average gradient we divide by
2 and by the dielectric constant & =10.9 for QaAs
and multiply by e to obtain a change in electro-
static potential energy ofI=4we'/ca=2. 9 eV

for each distance a. This corresponds to a huge
field and, as we indicated eat.lier, would raise
the valence band maximum at one point above the
conduction-band minimum a few atom distances
away, thus producing instantaneous carriers (in
this case, one electron per area a') and reducing
the net charge at the interface to zero. This is
exactly the result which Baraff, Appelbaum, and
Hamann' obtained by detailed treatment of just
this junction geometry. As Baraffe has empha-
sized, it is guaranteed by this geometry of the
junction.

There is, however, no experimental evidence
for such a huge free-carrier density or such a
large qualitative difference in junctions prepared
upon (100) faces rather than (110) faces. Indeed,
it is almost inconceivable that a junction could be
prepared with one electron per surface atom iri
an antibonding (conduction-band) state. We there-
fore postulate that the planar geometry must be
modified to eliminate the excess charge; the
planar geometry shown in Fig. 2 is not expected
to occur in a real junction. We proceed to seek
the simplest modification which is acceptable.

The geometry of Fig. 2 produced fi.elds which
corresponded to a deficit of one proton for every
two surface atoms at the junction. In terms of our
theoretical alchemy one proton must be added for
every two surface atoms. Note that this could be
done by adding a proton to half of the gallium
atoms in the first gallium plane to the right- of the
junction in Fig. 2, converting them to germanium

atoms, or it could be done by adding one to half of
the last plane of germanium atoms to the left of
the junction, converting them to arsenic atoms.
There are innumerable other ways to add the pro-
tons, but these two are the simplest; the first is
illustrated in Fig. 3.

We may again average the charges over atom
planes, leaving the electrons frozen in the ger-
manium electronic structure, and integrate
Poisson's equation through the junction as indi-
cated below in Fig. 3. The added protons have
eliminated the average potential gradient in the
QaAs and therefore produce an allowed geometry
in this regard. However, this geometry has pro-
duced a shift in the average potential in the GaAs
of 6=me'/2am =0.37 eV. One way of seeing that
there is a dipole shift here is to construct to the
right of the GaAs shown in Fig. 3 the analogous
junction with an extra half-plane of gallium atoms
(so the entire system is neutral) and with ger-
manium to the right; that is, to construct a GaAs
slab surrounded by germanium. We then see that
the potential in the germanium to the right is
shifted with respect to that on the left by twice the
value given above. This large dipole did not occur
on the (110) junction illustrated in Fig. 1 and is
not consistent with the much smaller differences

= [001]

FIG. 3. A (001) heterojunction as in Fig. 2, but with

~ of the Ga atoms in the junction plane replaced by Ge
atoms. The average electric field in the GaAs has been
eliminated but there is still a dipole shift 6 much
larger than is experimentally observed. The dipole
shift is not eliminated by bond polarization.
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in dipole shifts on different surfaces which are ob-
served (Sec. II). We conclude that this geometry
also is not correct; however, the redistribution
of electronic charge must first be considered.

We approximated the redistribution in terms of
an increased electronegativity on each arsenic
atom which polarized neighboring bonds in propor-
tion to the electronegativity difference with the
neighboring atoms. We may do this atom by atom
near the junction and see immediately that the
dipoles induced to the right of each atom are jqst
equal and opposite to those on the left; +0 net di-
pole laye~ is introduced and the shift in average
potential remains. Thus the geometry of Fig. 3
must be modified.

It is interesting that this same result was ob-
tained by Frensley and Kroemer' soho modeled the
total cha~ge distribution at a polar inteface by
just such an electronegativity model. They found
no charge accumulation and no dipole shifts for
geometries such as those of Figs. 2 and 3. We
note that this model omits the very important dif-
ference in nuclear charges which is an essential
feature of real junctions.

The conclusion of no net dipole layer would be
modified slightly by a more realistic LCAO cal-
culation. We will see in Sec. V that in the bond-
orbital approximation, ' the excess electronic
charge on the arsenic is not extracted equally from
the neighbors on the two sides. This does not
modify our earlier conclusion concerning total-
charge accumulations, but it does introduce di-
pole shifts of the order of a few hundreths of an
eV for the geometries we have discussed. These
are not large enough to cancel the 0.37 eV shift
found above; thus we conclude that the (100)
geometry, consisting of a single transition layer
(the half-gallium layer of Fig. 3) does not occur,

The simplest modification which eliminates the
dipole shift requires two transition layers, a
4 -gallium layer and a 4-arsenic layer as sche-
matically illustrated in Fig. 4. It seems appro-
priate to think of this as a modification of a
geometry with the last GaAs layer being gallium
and we therefore refer to this as a (100) —,

' -Ga
surface. The integration of Poisson's equation,
shown below, indicates that there is no dipole
shift nor charge accumulation. The second alter-
native is a —,

' -arsenic and 4 -gallium layer; it can
be constructed by interchanging gallium and
arsenic atoms in Fig. 4. We refer to it as the
(100) —,

' -As junction. Either type of junction can be
grown on a given (100) surface of GaAs, which we
will see is in contrast to the (111) surface. All
other allowed alternatives involve more than two
transition planes and will not be considered. It
would be difficult to guess the precise pattern

= t:ool]

FIG. 4. A (001) heterojunction as in Figs. 2 and 3,
but with two transition planes. The first is 4 As, the
second ~ Ga with the remaining atoms Ge; it is appro-
priate to refer to it as a (100) ~-Ga junction. This is
the simplest junction geometry which eliminates both
charge accumulation and dipole shift.

which occurs in a real junction although electro-
static energies are usually lowered by high-sym-
metry patterns. The geometries shown in Figs.
3-6 are only intended to illustrate the average
composition of atom planes without specifying a
two-dimensional symmetry pattern. The highest
symmetry allowed for the (100) interface would be
1x4, but it is possible that a 2x4 pattern would
have lower electrostatic energy.

It is fair to ask how such a pattern would arise
experimentally. If it were possible to construct
a planar junction, as in Fig. 2, with its sheet of

compensating carriers, the chemical force de riv-
able from the excess energy of electrons in anti-
bonding states would cause diffusion of gallium
atoms out of the junction or arsenic atoms in until
there was no excess nuclear charge at the junction
and no free carriers. In fact, a residual dipole
would favor diffusion in such a way as to eliminate
the dipole. It seems more likely, however, that
the growth process itself produces a nonplanar
junction such as that shown in Fig. 4 directly, as
an interface of lowest energy.

We have applied this same analysis to the (111)
junctions, requiring that in the electronegativity

I
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L
FIG. 5. A (111)heterojunction, viewed along the

[011]direction, constructed on the (111) Ga face of
GaAs. It is a two-transition-plane junction with the
first plane 8 As and the second plane 8 Ga. We call it a
(l11)8-Ga junction. This is one of the two-plane geom-
etries giving no charge accumulation nor dipole shift, as
seen in the potential plot below. The other is shown in
Fig. 6.

FIG. 6. The second two-transition-plane geometry
for a heterojunction, on a (111) Ga face, such as that
shown in Fig. 5; it gives no charge accumulation and no
dipole shift. The first plane is .8 Ga; the second is 8 As.
We call it a (111) 8-Ga junction. The corresponding
two allowed geometries on the (111) As face of GaAs
are obtained by interchanging empty and full circles
on Fig. 5 and here.

approximation there be no charge accumulation
nor dipole shift at the junctions. In Fig. 5 we
show a (111) interface. Note that along the [111]
direction atomic planes are alternately connected
by bonds parallel to the [111]direction and bonds
(three times as many) inclined to that direction.
Thus there are two distinct [111]directions and
two crystallographically distinct (111)junctions;
Fig. 5 illustrates the orientation with gallium
atoms at the end of the parallel bonds away from
the germanium. This is usually called the (111)
Qa face since it is assumed that the crystal will
terminate with the minimum number of bonds
broken leading in this case to a Ga terminating
plane. We find that for this crystallographic ar-
rangement there are two kinds of interfaces with
two transition planes which give no charge ac-
cumulation and no dipole shift in the electronega-
tivity approximation. The interface shown in Fig.
5 terminates in a Qa' plane, with —,

' of the gallium
atoms replaced by germanium; the first germani-
um plane has q of the Ge atoms replaced by As.
We call it the (111)—', -Ga geometry. The second

alternative (with two transition planes) terminates
the QaAs in a Ga plane with —', of the Ga atoms re-
placed by Ge with 8 of the As atoms in the next
GaAs plane replaced by Ge; it is shown in Fig. 6.
Both Figs. 5 and 6 give allowed geometries for a
heterojunction on the crystallographic (111) Ga
face of the QaAs. The allowed geometry for a

'heterojunction on a (111)As face can be con-
structed by interchanging Ga and As atoms in
Figs. 5 and 6.

This completes the specification of the simplest
allowed interface geometries on the different
crystallographic interfaces. 7hey have been
chosen to give no charge accumulation at the in-
terface and, in the electronegativity approxima-
tion, no dipole shift.

IV. CORRECTIONS TO THE ELECTRONEGATIVITY

APPROXIMATION

We have used only the smallness of the dipole
shifts, not the actual values, to learn about the
interface geometry. We wish also to see what can
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be learned from the shifts themselves. The ideal
geometries proposed in Figs. 1 and 4-6, and the
electronegativity model of the bond polarization
have led to no dipole shift at all. Small dipole
shifts may be expected to arise from corrections
to the electronegativity model, from distortions
of the lattice at the interface, and from deviations
from the ideal arrangements of atoms we have
proposed. These are discussed here and in Secs.
V and VI.

We first improve on the electronegativity model

by using the bond-orbital model. ' Each bond is
treated individually by using known parameters'
to obtain the effective charge on each plane;
Poisson's equation is then integrated over these
effective charges, just as was done with the
frozen-electron charges in Sec. III. It is inter-
esting that bond polarization actually changes the

sign of most effective charges but as we have seen
this has only a small effect on the net dipole shift.
The calculation is rather intricate because with
two transition planes the effective charges on four
planes are modified. We have carried the analysis
through and will give here only the final resulting
dipole contribution to ~F~. Enough details will be
given in Sec.V to see exactly how the calculation
was performed.

For the (110) interface shown in Fig. 1 a contri-
bution of +0.02 eV is obtained. For the (100) —,

'- -Ga
junction shown in Fig. 4 we also obtain +0.02 eV
but for the (100) -', -As interface obtained by inter-
changing Ga and As atoms in Fig. 4 we obtain
0.00 eV. Both the (111) —', -Ga interface shown in

Fig. 5 and the (111)a-Ga interface shown in Fig.
6 yield a contribution of —0.01 eV. The corre-
sponding (111)—,

' -As and (111) a -As interfaces
yield 0.05 eV. By subtracting shifts from that for
the (110) interface we may make a direct compari-
son with the experimental shifts. We find that the
magnitudes of the relative shifts are about half of
those observed but for both (111)faces they are
just the opposite sign as those observed. It is not
clear which of the two (100) geometries is to be
associated with the gallium-rich and arsenic-rich
surfaces.

V. EFFECT OF LATTICE DISTORTIONS

It is to be expected that the ideal germanium
geometry will not continue through the junction. A

table of covalent radii for tetrahedral systems"
gives a value of 1.22 A for Ge, a value of 1.26 A

for Qa, and a value of 1.18 A for As. We see by

summing radii that the GaAs bond length equals
the Ge-Ge bond length, in accord with the good
match in lattice constant but a Ge-Ga bond should
be about 2% longer and the Ge-As bond 2%, shorter.

The effect of these distortions is included next.
For this aspect of the problem the electronega-

tivity approximation is not adequate. It would

imply that the effective charges on the atoms re-
main constant as the lattice is distorted while it
is well known"' that charge redistribution gives
effects as large as the displacement of static
charge. We therefore use the bond-orbital mod-
el,"discussed in Sec. IV, which is known to
give a good account of both effects. "

The dipole associated with each bond has a con-
tribution from the electron-charge distribution
and from the difference in nuclear charge at the
two ends of the bond. (A quarter of each nucleus
is associated with each bond. ) For a Ge-Ga bond,
for example, the dipole is given by""

p=-,'(n, ——,')ed, (2)

where d is the vector distance from the Ge to the
Ga nucleus. (We have dropped a scale factor y
= 1.4 used in the earliest treatments. 22) n2 is the
polarity given by V,/(V', + V, )'~' based upon a,

polar energy"

V2 = —,
' (eo22 &o+) (3)

(with values 0.73 eV for Ge-Ga. , 0.76 eV for
As-Ge, and 1.51 eV for As-Ga) and a covalent en-
ergy given by

V, = 2.16%'/ng d' (4)

5&= 2 ed5n2+ 2e(n&- &) 5d.

From Eq. (5) we see that

and thus

(V2 + V2) 2/2 (6)

5p = (-2n2+3n2 ——') e5d/2. (7)

We will approximate the effect of distortion by

(equal to 2.76 for all bonds if d is taken to be
2.44 A for all). It is these dipoles, or more par-
ticularly effective atomic charges obtained by
summing the dipoles from the four bonds directed
at each atom, which were used in the calculation
of the dipole shifts listed in Sec. IV. They were
used to determine charge densities averaged over
atomic planes. We then integrated Poisson's
equation through the junction. The results in-
cluded a reduction by a factor of the dielectric
constant, as did the potential shifts in Eq. (1).
This approximates the self-consistent response
of the intervening bonds to the charge redistribu-
tion.

We are interested here in the change due to dis-
tortion. The change in magnitude of the dipole due
to a change in bond length d is
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this change in dipole for any Ge-Ga or Qe-As bond
due to a change in bond length d computed from
the covalent radii given above; i.e., +0.04 and
-0.04 A, respectively, for the Ge-Ga and Ge-As
bonds. By using the expressions given above (with
an appropriate V, for the Ge-As bond) we obtain a
magnitude of 5p of 0.24e5d for the Ge-Qa bond and

0.26eM for the Ge-As bond.
In both cases the effect of the distortion is to

transfer electrons to the germanium atom. Physi-
cally the reason for the same sign is that the in-
crease of bond length for the Ge-Qa bond makes
it more polar, increasing the difference in elec-
tronic charges, while the decrease of the Qe-As
bond length makes it less polar, decreasing the
difference in electronic charges. Since the Qe has
excess charge in the first case and a deficit in the
second, in both cases the transfer of electrons is
to the germanium. The fact that the sign is the
same, along with an almost equal magnitude,
leads directly to the result that lattice distortions
have little effect on our observed variation in
dipole shifts for different crystallographic orien-
tations.

We note first that if the difference between the
0.24eM and 0.26q5d for the two bond types is
neglected, any dipole shift arising from bond dis-
tortion will not be changed by, interchanging gal-
lium and arsenic atoms. Thus bond distortion in
the (100) interface shown in Fig. 4 will lead to the
same dipole shift as in the corresponding inter-
face obtained with Ga and As atoms interchanged.
Furthermore, a shift of the electrostatic energy
in the germanium relative to that in the GaAs will
be proportional to the number of Ge-Qa and Ge-As
bonds per unit area of interface and. this is the
same in the allowed geometry of Fig. 4 as in the
abrupt geometry of Fig. 2. (One fourth of the
bonds to the right from the last full Qe layer are
Ge-As bonds, —,

' from the next layer are Ge-Ga
bonds, and —,

' from the next layer are Ge-As bonds.
This is equivalent to having all Qe-Ga or Ge-As
bonds in one layer. ) The dipole shift is in fact
independent of interface geometry. We obtain its
magnitude by considering the abrupt geometry,
multiplying the average change in bond dipole,
5p =0.25e5d, by the cosine of the angle it makes
with the surface (3 '~'), multiplying by 4v from
Poisson's equation, multiplying by the bond den-
sity (4/a'), and dividing by the dielectric con-
stant to obtain

6E = 0.25(6d/d)4we'/ea = 0.012 eV,

with the electron potential energy higher in the
germanium than in the GaAs. In fact, the product
of the bond-angle cosine and bond density is iden-
tical for the (110) and (111)surfaces so this model
predicts the same dipole shift for all interfaces
considered and therefore no contribution to the
measured differences.

This model is rather crude but should give the
principal effect of bond distortion. Since the shift
obtained is small compared to the observed dif-
ferences, and corrections to the model would be
smaller, bond distortions cannot alone account
for the observed differences in dipole shift.

VI. CONCLUSIONS

We conclude that the smallness of the differences
in. dipole shift on the different crystallographic
faces is inconsistent with a structure containing
less than two transition layers. With two or more
layers a structure can be selected which in the
simplest (electronegativity model) approximation
gives no dipole differences at all. We found fur-
ther that the leading corrections to this model for
the ideal structure gave smaller dipole shifts than
those observed and that their signs mere not con-'

sistent with those of the experimental shifts.
Finally, we considered the expected distortions
of the lattice at the interface and found that the
effects were small and independent of crystal
orientation.

We therefore conclude that an explanation of the
experimentally observed dipole shifts must be a
deviation from the structures proposed in Figs.
4-6. The simplest kind of deviation mould be an
interchange of atom pairs. This shift of a single

'
proton between adjacent planes, separated by —,

' a,
introduces a dipole of —,

' ea. If the number of such
displacements was a fraction g of the two inter-
face atoms per area a', the dipole shift mould be
4ve'(a/4)(2x/a')/e =2we'x/ea. To obtain a dipole
shift of 0.1 eV, a value of x=0.07 is required. We
see no inconsistency of such a compositional
mixing with our experimental results.
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