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1.0 INTRODUCTION

This is the final report for Contract No. NO00014-85-C-0135 entitled
"Theoretical and Experimental Investigation of Heterojunction Interfaces", covering the
performance period December 1, 1984 to December 31, 1990.

Heterojunction energy-band discontinuities afford the device designer addi-
tional control over electron and hole transport near p-n junctions. Heterojunctions have
been employed to realize new types of solid-state electron devices with properties not
available from homojunction based technology. Central to the effective design and
development of heterojunction devices is an accurate knowledge of how the bandgap dis-

continuity AE_ between adjoining semiconductors is distributed between the valence and

cor:cuction gand offsets AE, and AE. subject to the requirement that
AEg = 8E, + AE.. We have developed an experimental technique, based on the use of
x-ray photoelectron spectroscopy (XPS), that enables us to measure band offsets to a
precision of $0.04 eV and to measure changes in band offsets to a precision of $0.01 eV,
With the aid of this powerful experimental approach, we have been able to uncover much
new heterojunction physics including crystallographic orientation dependence of band
offsets, growth sequence variation, nontransitivity and time dependent shifts in band
offsets. From these new data, an improved theoretical understanding of heterojunction
band offsets has emerged, one in which there can be both bulk and interface specific
contributions to band offsets so that aE, = (AE )1 + (8E\)interface’
specific contributions are modeled in terms of interface dipoles which shift the band
offsets away from values determined purely by bulk semiconductor properties.

The interface

A major portion of the effort during the performance period reported herein,
has been devoted to experimentally and theoretically characterizing interface dipole
formation and dipole effects on band offsets to contribute to the improved understanding
of real heterojunctions that technology advancement requires.

We have also used our XPS technique to measure band offsets in several
technologically important heterojunction systems.

1
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The accomplishments of this research program were reported in 16 publica-

’tions.l'16 Section 2.0 of this final report briefly summarizes the primary program

accomplishments. The Appendix (Sect. 3.0) reproduces the publications supported by this

contract.
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2.0 SUMMARY OF ACCOMPLISHMENTS

Early in this program, we recognized that dipoles which can strongly affect
heterojunction band offsets could be formed at polar heterojunction interfaces and that
such dipoles might be eliminated by reconstructions involving atom interchanges across
heterojunction interfaces. Clearly, the energetics of such atom interchanges affects the
likelihood of their occurrence. To model the energetics of atom interchange across
interfaces between dissimilar semiconductors, a theoretical tight-binding study was
performed in collaboration with Professor Walter Harrison of Stanford University. This
work?? showed that the energy required to substitute a homovalent atom for a native
atom in a semiconductor is primarily elastic misfit energy and is much smaller than the
corresponding heterovalent atom exchange energy which is dominated by a redistribution
of bond polarity. These calculaticns suggest that interfaces will tend to reconstruct so
as to minimize the number of polar bonds at a heterojunction interface. This can in turn
contribute to determining the resultant interface dipole and band offset.

The Ge/GaAs heterojunction AE, is observed experimentally to depend on
crystallographic orientation. The effect of interface geometry on interface dipoles was
explored theoretically.lo Interbond interactions yield different energies for geometries
with unequal interface dipoles. A statistical average of interface cells at the Ge/GaAs
growth temperature predicts a relative ordering of crystallographic orientation dipole

shifts in agreement with experiment,10

A question of interest in heterojunction physics is the possibility of tailoring
band offsets by artificially inserting a dipole layer at a heterojunction interface. By
starting from a model of a three-layer Ge/Si/Ge polar heterojunction, we were able to
explain why the incorporation of a monolayer of aluminum at the Ge/GaAs(100) interface

does not change the measured band offset.

Interface dipoles are most readily associated with polar heterojunction
interfaces. For some nonpolar (110) interfaces, it may be possible that heterojunction
band offsets are completely determined by bulk properties of the constituent
semiconductors. A currently popular theoretical model establishes a universal charge
neutrality level determined by the bulk band structure of each semiconductor; these

3
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charge neutrality levels line up when a heterojunction is formed. One consequence of the
existence of a charge neutrality level is that the band offsets for a family of
heterojunctions such as those formed from Ge, GaAs, and ZnSe should scale with energy
bandgap difference. Using our experimental data for Ge/GaAs(110), GaAs/ZnSe(110), and
Ge/ZnSe(110) we showed that AEV/AEg = 3/4 within experimental error, consistent with

the idea that for (110) heterojunctions, bulk properties determine the band offsets in the

Ge, GaAs, ZnSe system.7

A major strength of the XPS technique for determining band discontinuities is
the ability to measure changes in band discontinuities with very high precision and thus
to detect the presence of interface dipoles.8 With this technique, time variations in
interface dipoles were observed at GaAs/Ge heterojunctions for both (110) and (i00)

1,4,5

crystallographic orientations. At room temperature, the AE, decreases for =100 hr

' after interface formation to a value > 0.2 eV lower than the ~ 0.56 eV value for the
‘ stable Ge/GaAs (110) interface. Annealing and control of As overpressure can be used to
| cycle the interface dipole by more than 0.2 eV. The dipole formation mechanism may
| require the presence of antiphase disorder that is expected at the GaAs/Ge interface.
Interface dipoles have also been observed at the AlAs-GaAs interface where they can
o alter aE, by ~ 0.1 eV, depending on growth sequence and crystallographic orientation.6
This observation suggests an inherent asymmetry in potential wells associated with

AlAs-GaAs quantum well and superlattice structures.

Heterojunction devices that employ the lattice-matched semiconductors InP,
| Ing 53Gag 47As and Ing 5,Alg 4gAs are of high current interest for a wide variety of
optoelectronic and high-speed electronic applications. A knowledge of the band
discontinuities in this system is important to understanding the operation of the
devices. The XPS technique was used to determine AE (InP/Iny 55Alg 4gAS) = 0.16 eV,
AEV(lnP/lno'”Gao.wAs) = 0.34 eV and AEv(lno_53Gao.47As/lno.52AIO_QBAS) = 0.22 eV
for the (100) interfaces.!*’!® Core level binding energy difference measurements
showed that band offset transitivity in this system was satisfied to within experimental
uncertainty ($0.04 eV) and therefore interfaces formed between these semiconductors
are not influenced by interface specific effects.

4
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In conjunction with the investigation of InP lattice-matched semiconductors,
values of AE, for pseudomorphic InAs/InP, GaAs/InP and AlAs/InP were
determined,ll’l¥’l"’16 With the assumption that AE~| (the difference in core level
binding energies) is independent of strain at . pseudomorphic interface, AE, values
characteristic of the unstrained interfaces were derived and are
AE,(AlAs/InP) = -0.27 eV, AE,(InAs/InP) = 0.46 eV and AE, (GaAs/InP) = 0.34 eV. Strain
has two components, a hydrostatic strain associated with volume: change and a shear
strain associated with tetragonal distortion of the overlayer. The effect of these strains
on AE, at the pseudomorphic interface has been estimated from deformation potentials.

The use of pseudomorphic semiconductor layers in device structures is very
attractive because an important new parameter (strain} is available to alter material
electronic properties. The extension of XPS methods to measure band discontinuities at
pseudomorphic heterojunction interfaces is a nontrivial task. One approach reported in
the literature involves the calculation of core level deformation potentials by using a
self-consistent linear combination of muffin-tin orbitals method and the local density
functional approximation. The results of this calculation suggests that core levels may
have different hydrostatic deformation potentials that depend on orbital character and
binding energy. We performed measurements to determine 3d, 3p and 3s intra-atomic
relative core level binding energy deformation potentials in strained Ge and As3d-Ga3d
interatomic relative core level binding energy deformation potentials in strained
GaAs.13 For the intra-atomic deformation potentials, no measurable core level shifts
with strain were observed consistent with theoretical core term value calculations.
However, for the interatomic deformation potentials, comparison between calculation
and experiment was not good. This discrepancy needs to be resoived and aiternative
approaches need to be explored before XPS methods can be reliably applied to measure
band discontinuities at pseudomorphic strained heterojunction interfaces.

During the course of this contract, the scope of work was expanded to include
studies of S'C Schottky barriers. This resulted in part from the recent availability of
large area epitaxial 8-SiC films grown on Si(100) and the associated device development
acitivities. The formation of Schottky barrier contacts to well-characterized n-type
8-SiC(100) surfaces in ultrahigh vacuum was systematically investigated for several

5
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metals.]? The metals were deposited onto oxygen terminated (~ 1 monolayer) surfaces.
Interface chemistry and Schottky barrier height during contact formation were obtained
by XPS; the corresponding electrical properties of thick contacts were characterized by
capacitance-voltage and current-voltage methods. The metal contacts exhibited a wide
range (0.95 to 0.16 eV) of barrier heights; within this range, the barrier heights were
observed to depend strongly on the metal work function in general accord with the
Schottky-Mott limit.

6
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3.0 APPENDIX
.
This Appendix reproduces publications supported by Contract No. N00014-85-
C-0135 in chronological order. These publications (which are referenced in this final
report) are:
1. "Heterojunction Band Discontinuity Growth Sequence Variation at Compound
Semiconductor-Germanium (110) Interfaces: Possible Role of Antiphase Disorder,"
R.W. Grant, J.R. Waldrop, S.P. Kowalczyk and E.A. Kraut, J. Vac. Sci. Technol. B
3, 1295 (1985).
2 "Lattice Distortions and Energies of Atomic Substitution,” E.A. Kraut and
W.A. Harrison, J. Vac. Sci. Technol. B 3, 1267 (1985).
3. "Polar Heierojunction Interfaces: Isovalent Interlayers," E.A. Kraut, Phys. Rev. B
- 31, 6875 (1985).
4, "Heterojunction Band Discontinuities for GaAs Grown on Ge(110): Time

Variation," R.W. Grant, J.R. Waldrop, S.P. Kowalczyk and E.A. Kraut, Surface Sci.
168, 498 (1986).

5. "GaAs-Ge Heterojunction Interfaces: Cyclical Behavior of Band Discontinuities,"
J.R. Waldrop, R.W. Grant, and E.A. Kraut, J. Vac. Sci. Tecnol. B 4, 1060 (1986).

6. "Effect of Growth Sequence on the Band Discontinuities at AlAs/GaAs(100) and
(110) Heteroiunction Interfaces," J.R. Waldrop, R.W. Grant and E.A. Kraut, J.
Vac. Sci. Technol. B 5, 1209 (1987).

7. "Heterojunction Band Offsets and Scaling," E.A. Kraut, J. Vac. Sci. Technol. B 3,
v 1246 (1987).
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8. "Interface Contributions to Heterojunction Band Discontinuities: X-Ray
Photoemission Spectroscopy Investigations,” R.W. Grant, E.A. Kraut, J.R. Waldrop
and S.P. Kowalczyk, in Het. -ojunction Band Discontinuities: Physics and Device
Applications, pp. 167 (North-Holland, Amsterdam, 1987), edited by F. Capasso and
G. Margaritondo.

9. ®Energies of Substitution and Solution in Semiconductors,” W.A. Harrison and
E.A. Kraut, Phys. Rev. B 37, 8244 (1988).

10. "Dipoles at Polar Heterojunction Interfaces,” R.W. Grant and W.A. Harrison, J.
Vac. Sci. Technol. B 6, 1295 (1988).

11.  "GaAs/InP and InAs/InP Heterojunction Band Offsets Measured by X-Ray
Photoemission Spectroscopy," J.R. Waldrop, R.W. Grant and E.A. Kraut, J. Vac.
Sci. Technol. B 7, 815 (1989).

12,  "Measurement of GaAs/InP and InAs/InP Heterojunction Band Offsets by X-Ray
Photoemission Spectroscopy,” J.R. Waldrop, R.W. Grant and E.A. Kraut, Appl.
Phys. Lett. 54, 1878 (1989).

13.  "Relative Core Level D=formation Potentials in Strained Layer Heterojunctions,"”
R.W. Grant, J.R. Waldrop, E.A. Kraut, and W.A. Harrison, J. Vac. Sci. Technol. B
8, 736 (1950).

14. "Measurement of AlAs/InP and lnP/lno. 52Al0_,‘8/\s Heterojunction Band Offsets by
X-Ray Photoemission Spectroscopy,” J.R. Waldrop, E.A. Kraut, C.W. Farley and
R.W. Grant, J. Vac. Sci. Technol. B 8, 768 (1990).

15.  "Formation and Schottky Barrier Height of Metal Contacts to 8-SiC,"
J.R. Waldrop and R.W. Grant, Appl. Phys. Lett. 56, 557 (1990).
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l6. "Measurement of lnP/In0‘53Gao‘q7AS and Ino‘53Gao.47ﬁ\:/lno.szAlo‘quS Hetero-

junction Band Offsets by X-Ray Photoemission Spectroscopy," J.R. Waldrop,
E.A. Kraut, C.W. Farley and R.W. Grant, J. Appl. Phys. 69, 372 (1991).
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Heterojunction band discontinuity growth sequence variation at compound
semiconductor-germanium (110) interfaces: Possible role of antiphase

disorder

R.W. Grant, J. R. Waldrop, S. P. Kowalczyk, and E. A. Kraut

Rockwell International Corporation, Microelectronics Research and Development Center, Thousand QOaks,

California 91360
{Received 4 April 1985; accepted 15 April 1985)

The valence-vanc: discontinuity (4 E, ) at heterojunctions formed by growing GaAs epitaxially on
Ge{110) substrates has been studied by using x-ray photociectron spectroscopy. The GaAs grown
on Ge (110} interface is observed to exhibit a time dependent variation in AE,, that is as much as
~0.2 eV. For GaAs/Ge(110) heterojunctions grown at 350 °C and kept at room temperature for
> 100 h, 4E, ~0.3 eV; this is ~0.25 ¢V less than the 4E, measured for the stable interface
formed by growing Ge epitaxially on GaAs (119). It is observed that AE, for growth of a lattice
matched compound semiconductor (AB) on Ge{110) is substantially smaller than for the reverse
growth sequence, i.e., AE, [AB/Ge(110)) <4E,[Ge/AB(110)). A possible mechanism for this
growth sequence effect which involves antiphase disorder at AB/Ge(110) interfaces is suggested.

I. INTRODUCTION

The development of photoemission techniques for measur-
ing heterojunction band discontinuities has substantially irn-
proved the ability to determine these quantities with accura-
cy. Measurements which utilize photoemission techniques
have established that heterojunction band discontinuities
are markedly influenced by microscopic details of interface
structure.’* The nature of the microscopic effects is uncer-
tain; indeed, the most utilized predictive theories®* of heter-
ojunction band alignment do not account for variations due
to microscopic structure. Heterojunction formation between
compound and elemental semiconductors on polar surfaces
is influenced by atomic exchange across the interface to sat-
isfy electrostatic considerations®; thus, technology depen-
dent interface dipoles are expected to influence band discon-
tinuities measured on polar interfaces.”® However, a growth
sequence dependence of the valence-band discontinuity
(4E,) for nonpolar (110) Ge-ZnSe and Ge-GaAs hetero-
junctions that has been observed,”'° also may be caused by
microscopic interface struciural effects. In this paper, sys-
tematics of the 4E, growth sequence dependence for com-
pound semiconductor-germanium (110) interfaces are re-
viewed; a possible explanation for this growth sequence
phenomenon which involves the role of antiphase domain
disorder at interfaces is offered, and new data for the GaAs
epitaxially grown on Ge{110) inte:face are presented. These
data report a previously unobserved time dependence of AE,
that is attributed to interface instability.

Il. SYSTEMATICS OF 4E, GROWTH SEQUENCE
VARIATION FOR AB-Ge(110) INTERFACES

A growth sequence variation of 4E, for a compound
semiconductor (AB}-Ge{110) interface was first reported for
the ZnSe-Ge semiconductor pair.® 1t was observed that 4 £,
for Ge grown cpitaxially on ZnSe{Ge/ZnSe) was 1.52 4- 0.04
¢V, while AE, for ZnSe grown epitaxially on Ge {ZnSe/Ge)
was 1.29 4 0.04 ¢V. A similar growth sequence variation for
the GaAs-Ge(110) interface has been reported' where

1295 J.Vac. Sci. Technol. B 3 (4), Jul/Aug 1985
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AE,(Ge/GaAs)> AE,(GaAs/Ge) by about 0.2 eV; this re-
sult is confirmed by independent measurements reported in
Sec. 1V.

A third AB-Ge(110) interface for which a growth se-
quence can be inferred involves the CuBr-Ge semiconduc-
tor pair. As a test for the transitive nature of heterojunction
band discontinuities, it was found®'' that the difference
between {AE,[Ge/GaAs(110)] +- AE,[CuBr/GaAs(110)}}
and AE,[CuBr/Ge{110)) was + 0.70 + 0.05¢V rather than
the zero difference implied by transitivity. 1t has been sug-
gested that antiphase domain disorder may affect the magni-
tude of AE, at the CuBr-Ge(110) interface'? and thus ac-
count for this reported®'' nontransitive AE, result. This
view is supported by recent results'® for transitivity test se-
quences of heterojunctions specifically chosen to avoid anti-
phase domain disorder (further discussion of this point is
given in Sec. I11). Unfortunately, it is not possible to prepare
the Ge/CuBr(110) interface due to a strong chemical reac-
tion which occurs between Ge and a CuBr substrate'' [this
reaction does not occur at the abrupt CuBr/Ge(110) inter-
face). If the large nontransitive 4 E, result mentioned above
is assumed to be associated primarily with the CuBr/
Ge{110) interface, it follows that AE, [CuBr/Ge{110)] is less
than 4E, [Ge/CuBr{110)).

Itis thus observed that AE,.[AB/Ge(110)) is systematical-
ly smaller than 4E,[Ge/AB(110)) for AB = GaAs, ZnSe,
and CuBr. These three interfaces involve bard alignments in
which the band gap of Ge is completely contained within the
AB semiconductor band gap. The systematic variation of
this growth sequence effect suggests that a similar mecha-
nism may be involved in each case. A possible mechanism is
offered in the next section.

IN. POSSIBLE EFFECT OF ANTIPHASE DISORDER
ONAE,

As pointed out in Sec. 11, an apparently general experi-
mental result is that 4E, for growth of a laitice matched
compound semiconductor on Ge{110j is .maller than for the

© 1985 American Yacuum Society 1295
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opposite growth sequence. Recent studies'' of AE, transitiv-

ity have observed that {AE,[Ge/GaAs(110)]
+ AE,[ZnSe/GaAs(110)]} — {4E,[Ge/ZnSe{110)]}
= —0034+003 eV and {AE,[Ge/GaAs(110)]

+ AE,[GaAs/AlAs(110)]} — {AE,[Ge/AlAs(110)] }

= +007+0.1 eV; ie, AE, appears to be transitive in
these two cases because the differences are upproximately
zero. A common feature of the heterojunctions used in these
two transitivity tests is the absence of AB/Ge(110) inter-
faces. It appears, therefore, that the growth sequence effect
and deviations from transitivity may be associated with an
AB/Ge(110) interface dipole. The relative magnitude of the
growth sequence effect {i.e., AE,[AB/Ge(110)] < AE, [Ge/
AB(110)]} can be used to infer that at an AB/Ge(110) inter-
face, positive charge is transferred into the Ge and negative
charge into the AB overlayer.

The growth of a compound semiconductor on Ge(110)
involves 2n ambiguity in nucleation site which may produce
antiphase domain disorder; Kroemer™®'* has emphasized
the importance of solving this site allocation problem for
producing device quality heterojunctions from compound
on elemental semiconductor growth. Antiphase domains
have been directly observed at the GaAs/Ge(100) inter-
face.' The presence of antiphase domain disorder at an in-
terface would not affect the observed AE, per se unless this
disorder causes charge transfer across the interface to create
an interface dipole. Atom transfer across a heterojunction
interface, which involves atoms from different columns of
the periodic table, has been shown to produce large interface
dipoles.®* If the AB-Ge(110) growth sequence effect in AE,
is caused by this atom transfer, the electrostatic model of
heterojunction interfaces® can be used to infer that anions
(i.e., As, Se, and Br) rather than cations preferentially inter-
change with Ge at a compound semiconductor/Ge{110) in-
terface.

A large number of possible antiphase domain walls can be
imagined. However, the crystallographic planes associated
with these domain walls may be characterized by whether
one, two, or three A-A (or B-B) bonds per atom exist at the
domain boundary. If attention is restricted to only those
cases where the A-A (or B-B) bonds involve atoms in the A~
B plane, which is immediately adjacent to the last Ge plane,

1 8-8 BOND 2 8-8 BONDS
110
[ ] O- Ge
®-Ga
O-As
[o01)
[ri0]
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only three nearest-neighbor, bonding arrangements are pos-
sible for the abrupt interface. These possibilities are shown in
Fig. 1 and are listed in Table I.

The energetics of atomic exchange across an interface are
associated primarily with bonds formed or broken during
the exchange. For example, exchange of a Ge atom in bulk
Ge with an As atom in bulk GaAs wouid require that 4 Ge-
Ge and 4 Ga-As bonds be broken and that 4 Ge-As and 4
Ga-Ge bonds be formed. Kraut and Harrison'*'¢ have cal-
culated energies of atomic substitution by tight binding the-
ory and have shown that atomic exchange at anideal AB/Ge
interface is not favored. A bond formation energy
E, = 2{V3 + V3)"?is associated with each bond where ¥,
is a covalent energy which depends on bond length and thus
is a constant {4.12 eV) for all bonds considered here. The
polarenergy V,is(€, . — €,5)/2, where values of ;he hybrid
energies (€, ) are tabulated in Ref. 17. Interchange of atoms
across the interface changes the ¥;’s and therefore the total
energy. Itis this change which makes atomic exchange atan
idzal AB/Ge interface unfavorable. However, at an ant’-
phase domain boundary there are bonds between like atoms;
these atoms mav favor exchange.

To investigate the possible exchange of atoms at the inter-
section of an antiphase domain boundary with a Ge(110)
plane, the above expression for E, was used to calculate the
sum of the bond formation energies associated with both the
abrupt and the interchanged domain boundary bonding ar-
rangements listed in Table I. Cation {A) antiphass domain
boundary bonding arrangsments (instead of the anion do-
main boundaries shown) are simply obtained by interchang-
ing A and B everywhere in Table I. The result of this simple
calculation shows that a bonding arrangement which in-
volves only one B-Blor A-A) bond is stable with respect to
B Ge {or A~ Ge) exchange, while interfaces which involve
two or three B-B (or A-A) bonds favor the exchange indicat-
ed by arrows in Fig. 1. As an example, the sum of the bond
formation energies for the 2 B-B and 2 A-A bonding ar-
rangements is shown in Table II. The results indicate that
bond energy will be gained by interchanging Ge with either
anions or cations for this bonding arrangement.

The above calculation thus suggests that atomic exchange
across the AB/Ge({110) interface at an antiphase domain

F1G. 1. Examples of arsenic antiphase domain
boundanies(----- - }withone, 1wo, or three As-
As bonds. The arrows suggest an atomic ex-
change across the GaAs/Ge (110) interface
which could account for the observed 4K,
growth sequence effect.

3 8-8 B0ONDS
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TanLE L. Nearest neighbor bonding arrangement for a B antiphase domain at an AB/Ge(110) interface.

Interface with 1 B-B bond Interface with 2 B-B bonds Interface with 3 B-B bonds
Abrupt Interchanged Abrupt Interchanged Abrupt Interchanged
1B-B 2Ge-A 2B-B 1Ge-A 3B-B 7Ge-B
2A-B 5 Ge-B 1 A-B 6Ge-B 1Ge-B
1Ge-B 1 Ge-B 3 Ge-Ge
3 GeGe 3 Ge-Ge

boundary will be favored whenever 2 or 3 B-B (or A-A)
bonds can be eliminated. Within the accuracy of the theory,
a preference for anion or cation exchange is not specified;
although, as indicated above, the systematic experimental
observations are consistent with preferential BZGe ex-
change. Although no attempt is made here to specify the
bonding arrangements for all possible intersections of anti-
phase domain boundaries with a Ge(110) plane, it is likely
that all antiphase domain boundaries which involve 2 or 3
B-B (or A-A) bonds will be unstable with respect to Ge
exchange. The key point to be made is the identification of a
plausible microstructural explanation for the observed 4E,
growth sequence variation at AB-Ge (110) interfaces.

iV. EXPERIMENTAL INVESTIGATION OF GaAs/
Ge(110) INTERFACES

X-ray photoemission spectroscopy (XPS) was used to
measure 4E, for several GaAs/Ge (110) interfaces. This
technique has been described in detail previously.'*'* A
HPS950A XPS system, which employs monochromatic
AlKa (1486.6 ¢ V) radiation, was used both for the measure-
ments and the heterojunction growths. Germanium (110)
single crystals cut and polished to 0.02 in. thickness were
purchased from Eagle-Picher Industries, Inc. Immediately
prior to insertion into the XPS sample preparation chamber,
the Ge(110} substrate was etched in 3:5:3, HNO;:
CH,COOH:HF to remove polishing damage. A clean or-
dered Ge(110} substrate was obtained by sputtering with 2
keV Ar* and annealing at 600 °C. The room temperature
low energy electron diffraction (LEED) pattern associated
with this substrate was complex and resembled the ¢(8 X 10)
pattern reported by Olshanetsky.?®° No oxygen or carbon im-
purities were detectable by XPS analysis.

TasLE 11. Sum of bond formation energies (eV) associated with nearest
neighbor bond arvangemert at the intersection of an antiphase domain
boundary with a Ge(110) plane. The abrupt interface has 2 :.~A or 2 B-B
bonds.

Domain

boundan Abrupt Interchanged
As-As §$9.02 59.64
Ga-Ga 59.02 59.64
Se-Se 62.56 65.45
2n-Zn 62.49 65.10
Br-Br 66.72 73.97
Cu-Cu 66.00 70.37
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Theclean Ge{110) substrate was dosed initially with Asby
exposing the surface (heated to 350 °C)toan As,beam Tyni-
cally, the exposure of about 30 L done prior to GaAs growth
pt xduced an As surface coverage of ~0.6 monolayer (as esti-
mated by XPS). Thin epitaxial layers of GaAs were grown in
situ on the Ge{110) substrates by molecular beam epitaxy.
The growth temperature was 350 °C and the As/Ga flux
ratio was ~5:1. Four GaAs/Ge (110} samples labeled A-D
were studied. The thicknesses of the GaAs layers for samples
A-D (as estimated from the XPS measurements) were 23, 23,
25, and 29 A, respectively. In general, the GaAs layer was
grown immediately following the substrate As exposure;
sample A was an unintentional exception in which the As
dosed Ge{110) substrate was stored in vacuum (~1Xx10~?
Torr) for 51 h prior to GaAs growth. Foliowing GaAs
growth, epitaxy was confirmed by LEED and surface clean-
liness (no detectable carbon or oxygen) was assessed by XPS.
The AE, measurements were initiated as soon as possible
thereafter.

A typical GaAs/Ge (110} XPS spectrum in the binding
energy region which contains Ga3d, Ge3d, and As3d core
levels is shown in Fig. 2. As with previous studies'®?! that
involved the reverse growth sequence [i.e., Ge/GaAs (110)],
the Ga3d to Ge3dd core-level binding energy difference
(ESeys — EQ:43) was utilized to determine 4E,. A plot of
E 3%, — E3t vstime after GaAs growth (7 ) isshown in Fig.
3. The corresponding AE, is shown on the right-hand scale
in this figure. The 4E, measurements for samples A-C were
obtained at room temperature. The AE, measurements for
sample D were obtained with the sample held at 200 °C. As
can be seen from the figure, the four GaAs/Ge (110} inter-
faces appear to be initially unstable with respect to A€, . For

¢ T T T T
As 3¢
£
sh -
GaAs/Ge (110)
SAMPLE € T
TG * 380°%C ¥ Gede
o} ol | J
- r
L] Je
e o ..
23 : Ge 3¢ ok T
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Cat ; e J
T
‘M 1 7 g 4 A
\_.-\}‘ i " .
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&0 80 [T 30 20 10

ENERGY (eV)

F1G. 2. Typica. XPS spectrum of a GaAs/Ge (|10 sample.
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FIG. 3. Variation of ES,, — E 3% and of AE, vs time after interface for-
mation for four GaAs/Ge samples and two Ge/GaAs samples.

comparison, 4E, vs ¢ data for two Ge/GaAs(110) samples
(labeled E and F) are also shown in Fig. 3; these data were
obtained from previously published work."?' No time-de-
pendent variation of 4E, is noted for the Ge/GaAs(110)
interface.

For sample C, the Ga3d, Ge3d, and As3d linewidths (full
width at half maximum intensity) vs ¢ are shown at the bot-
tom of Fig. 4. The Ga3d /As3d and Ge3d /Ga3d peak area
ratios and the As3d to Ga3d core-level splitting in
GaAs,E 12 — E3u4s, as a function of 1, are also shown in
the figure. Except for a very small increase (~0.03 eV) in
E o0t — E 3242 (which may be associated with a change in
GaAs surface chemical shifts due to a slight carbon conta-
mination accumulation for large ) there is no systematic
variation in any of the parameters. The datain Fig. 4 rule out
the possibility that substantial chemical reactions are occur-
ring to cause the E &¢,, — E 9233 vs ¢ variation noted in Fig.
3.
A semilog plot of AE, (1) — AE, (o) vs tis shown in Fig. 5
for samples C and D. The straight lines through the data are
least-squares fits. The data appear to be well represented by
an exponential function of the form

AE,(t)— 4E,(0) = [4E,(0) — AE ()] exp{ — 1 /74,

)
where 77 ! is a rate constant. At 300 K 7] =0.038 4 ~,
while at 473 K, 7;;; = 0.087 & ~'. An atom transfer mecha-
nism at antiphase domain boundaries (as proposed in Sec. II1
to explain the observed 4E, growth sequence effect) would
be expected to have an exponential time dependence if the
probability of atom exchange per unit time was constant and
there were a fixed number of initial available sites at which
the exchange could occur. The rate constant is observed to
increase with temperature, which indicates that thermal en-
ergy increases the charge transfer rate.
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V. SUMMARY

New XPS studies of AE, for interfaces formed by growing
GaAs epitaxially on Ge(110) at 350 °C have been reported. A
variation of 4E, as a function of time after interface growth
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FIG. 5. Semilog plot of 4E, () — AE,{a) vs 1 for samples Cand D.




1299 Grant et al.: Heterojunction band discontinuity

is observed. This variation indicates interface dipole forma-
tion caused by structural instability. The time variation of
AE, has an exponential form and the associated rate con-
stant appears to increase with sample temperature. The
GaAs/Ge (110) interface reaches equilibrium at room tem-
perature after about 100 h. The equilibrium 4E, is ~0.3 eV,
which is ~0.25 eV less than AE, observed for the reverse
growth sequence [i.c., Ge grown epitaxially on GaAs(110}}.
No instability of AE, for the Ge/GaAs(110) interface is ob-
served as a function of time.

Valence-band discontinuities for heterojunctions formed
by growth of compound semiconductors (i.e., GaAs, ZnSe,
and CuBr) on Ge(110) are observed to be smaller than the
same quantities for the reverse growth sequence in all cases.
Transitivity tests of 4 E, for heterojunction sequences cho-
sen specifically to avoid site nucleation problems suggest
that antiphase disorder may be responsible for the growth
sequence effect. If this growth sequence effect is associated
with atomic exchange across the interface, an electrostatic
model of heterojunction interfaces can be used to infer that
anions (i.e., As, Se, and Br) preferentially interchange with
Ge at a compound semiconductor/Ge (110) interface. Tight
binding theory predicts that where certain antiphase domain
boundaries intersect the Ge(110) interface, interchange of
Ge and constituent atoms of the compound semiconductor
is favored. If the atom interchange mechanism has a con-
stant probability per un:t time and there are a fixed number
of available sites at which this interchange can occur, an
exponential variation of 4E, with time would be expected.
The time-dependent variation in 4 £,, which is observed for
the GaAs/Ge (110) interface, is consistent with this mecha-
nism.

J. vac. Sci. Technol. B, Vol. 3, No. 4, Jul/Aug 1985

1299

ACKNOWLEDGMENTS

Several helpful discussions with Professor W. A. Harrison
are gratefully acknowledged. The work was supported by
ONR Cortract No. N00014-85-C-0135.

'R. W. Grant, J. R. Waldrop, and E. A. Kraut, Phys. Rev. Leti. 40, 656
(1978).

J. R. Waldrop and R. W. Grant, Phys. Rev. Lett. 43, 1686 (1979).

3W. A. Harrison, Electronic Structure and the Properties of Solids (Free-
man, San Francisco, 1980), p. 252.

“W.R. Frensley and H. Kroemer, Phys. Rev. B 16, 2642 {1977).

*R. L. Anderson, Solid State Electron. §, 341 (1962).

*W.A.Harrison, E. A. Kraut, J. R. Waldrop, and R. W. Grant, Phys. Rev.
B 18, 4402 {1978).

"H. Kroemer, Surf. Sci. 132, 543 (1983).

*H. Kroemer, in Proceedings of the NATO Advanced Study Instituie on
Molecular Beam Epitaxy and Heterostructures, Erice, Sicily, 1983, edited
by L. L. Chang and K. Ploog {Martinus Nijhoff, The Netherlands, 1984).

%S. P. Kowalczyk, R. W. Grant, J. R. Waldrop, and E. A. Kraut, J. Vac.
Sci. Technol. 21, 482 {1982).

19p, Zurcher and R. S. Bauer, J. Vac. Sci. Technol. A 1, 695 {1983).

"J. R. Waldrop, R. W, Gran, S. P. Kowalczyk, and E. A. Kraut, J. Vac.
Sci. Technol. A 3, 835 (1985).

125 C. Phillips, J. Vac. Sci. Technol. 19, 545 {1981).

3H. Kroemer, J. Vac. Sci. Technol. B 2, 433 {1984).

“J. H. Neave, P. K. Larsen, B. A. Joyce, J. P. Gowers, and J. F. Van der
Veen, J. Vac. Sci. Technol. B 1, 668 (1983).

SE. A. Kraut and W. A. Harrison, J. Vac. Sci. Technol. B 2, 409 (1984).

'E. A. Kraut and W. A. Harrison, J. Vac. Sci. Technol. B 3, 1267 (1985).

"W. A. Harrison, Phys. Rev. B 24, 5835 (1981).

"E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, Phys.
Rev. Lett. 44, 1620 {1980); Phys. Rev. B 28, 1965 {1983).

“R. W. Grant, E. A. Kraut, S. P. Kowalczyk, and J. R. Waldrop, J. Vac.
Sci. Technol. B 1, 320 (1983).

20B. Z. Olshanetsky, S. M. Repinsky, and A. A. Shklyaev, Surf. Sci. 64, 224
{1977).

11J. R. Waldrop, E. A. Kraut, S. P. Kowalczyk, and R. W. Grant, Surf. Sci
132, 513 (1983).




Lattice distortions and energies of atomic substitution

Edgar A. Kraut and Walter A. Harrison®
Rockwell International Corporation, Microelectronics Research ard Development Center, Thousand Oaks,
California 91360
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The energies of atomic substitution and the associated excess enthalpies of mixing have been
calculated with and without lattice relaxation for bcth isovalent and heterovalent substitutional
impurities in tetrahedrally coordinated semiconductors by using the universal parameter tight
¥ binding theory of Harrison. For isovalent substitutional impurities, where experimental data and
other theoretical predictions are available, agreement is good. Distortions around isovalent
impurities such as indium in gallium arsenide can be readily calculated using the known natural
bond lengths for indium arsenide and gallium arsenide. We define corresponding natural bond
lengths for heterovalent substitutional impurities {those which come from a different column
from that of the atom they replace) by minimizing the total bord energy with respect to
interatomic separation. We have used the natural bond lengths calculated in this way to estimate
the displacement of the neighbors to a number of impurity systems, and the corresponding
reductions in the energy to substitute a free atom for a host atom. When two atoms are exchanged
across an interface, relaxation around both atoms must be included and can be large. Such
interchanges for heterovalent atoms affect heterojunction band lineups and are therefore of

particular interest.

1. INTRODUCTION

During the past few years several, previously unanticipated,
new experimental phenomena have been observed to occur
at lattice-matched heterojunction interfaces. In some cases,
the valence- and conduction-band edge discontinuiti¢s have
been fourd to depend on crystallographic orientation,' on
growth sequence,’ and to be nontransitive.’ We have specu-
lated, on simple electrostatic grounds, that for the case of
polar-nonpolar heterojunction interfaces, truly abrupt junc-
tions cannot occur because they would produce a charge
accumulation corresponding to an electric field in excess of a
half an electron volt per angstrom.* We showed that recon-
struction by compositional mixing over a few atomic planes
wear the interface is sufficient to eliminate this charge accu-
mulation. The mechanism by which the intermixing might
occur during growth is unknown. Diffusion over a few atom-
ic planes is one possibility® but the details remain elusive.

A first step towards a useful description of the atomic
intermixing near heterojunction interfaces is to analyze the
energetics of the solution of one bulk semiconductor in an-
other. Van Vechten, Stringfellow, and more recently, Mar-
tins and Zunger, and also Fedders and Muller, have consid-
ered the isovalent solution of one 111-V, I1-V1, or column 1V
element or compound in another.* ' Experimentally, the
heats of solution for this case tend to be small**' and since
thereis no change in the valence of the atoms substituting for
one another, the semiconducting properties are not strongly
Yected.

For example, the intersolution of GaAs and InAs crystals
in contact with each other is simply the interchange of gal-
lium and indium atoms. The number of gallium-arsenide
and indium-arsenide bonds is the same before and after, so
that to the extent that the total energy consists of indepen-
dent bond energies, the heat of solution vanishes. There are
two corrections t¢ this.
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First, the distance between atoms is different in GaAs and
InAs, so that when an indium atom is placed in a GaAs
crystal the resulting indium-arsenide bonds are distorted; in
fact, the neighboring arsenic atoms will move, and to a lesser
extent so will the more distant atoms. As a result, many
bonds are distorted from their pure material state. To the
extent that the total energy is a sum of bond energies, the
change in energy is elastic energy of the bonds and can be
reasonably estimated from any spring constant model of the
bond energies.

Similarly, the lattice distortions themselves can be esti-
mated by such models. They are plausible and successful
theories.® ' Such elastic theories can even be applied to solu-
tions of compounds such as InP in GaAs where new bonds
(GaP and InAs) arise in the solution since the average of the
undistorted bond energies will ordinarily change little and
the elastic energy is still dominant.

Second, a bond energy does depend slightly on the neigh-
boring bonds even in the absence of distortions, an effect
called metallization. Thus the energy of an indium-phospho-
rous bond is shifted by its coupling to neighboring indium-
arsenide antibonds and this shift is modified when those an-
tibonds are replaced by gallium arsenide antibonds.
However, when one I1I-V compound is dissolved in another
the changes tend to average to zero and the elastic theory
remains appropriate. The experiments of Mikkelsen and
Boyce'? show, and we will find from our theory, that a gal-
lium-arsenic bond is only some 0.04 A longer when it is em-
bedded in an indium-arsenide crystal, though the host bond
length is 0.16 A longer.

When the two semiconductors are not isovalent, as when
germanium is dissolved in gallium arsenide, these simple
models do not apply. Germanium-arsenic bonds are formed
which do not exist in pure zincblende-structure compounds.
Thus the relaxed, natural bond length for such bonds is not
known for use in the spring-constant models. Chemists may
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approximate these bonds by germanium-arsenic bonds
which occur in other structures, but they may be quite differ-
ent. A further complication arises in that interchanging a
gallium and a germanium atom is equivalent to moving a
proton from one atom to the other. If the impurities are to be
uncharged, an electron must be transferred also. It is this
difficulty which in fact makes these heterovalent systems
more interesting than the isovalent systems since the solu-
tion process dopes the semiconductor and therefore becomes
important to the electrical properties, in contrast to the case
of isovalent substitutions. This difficulty is avoided if we in-
terchange both a germanium with a gallium and a germani-
um with an arsenic atom. Then the two charge transfers
cancel and the system remains neutral, but then, of course
there is also no doping.

Kraut and Harrison'? calculated the heats of solution and
the energies of substitution for such systems using the theory
of the two-center bond'* but neglecting any distortion of the
host lattice. When they substituted atoms of different va-
lence any extra electrons required for charge neutrality were
placed at the top of the valence band of the host crystal.
Similarly, any extra electrons required to retain the two cen-
ter bond were obtained by removing electrons from the top
of the valence band leaving holes bekind, as would be appro-
priate for p-type materials. By dissolving III-V compounds
in elemental semiconductors or II-VI's in I1I-V’s (and vice
versa) one electron is always added and subtracted from the
top of the host valence band so no net charge is transferred.
Here we shall treat the lattice listortions theoretically and
shall also address the problem of charged impurities from
heterovalent substitutions.

Il. NATURAL BOND LENGTHS AND FORCE
CONSTANTS

The energy of a semiconductor crystal can be written as a
.sum of bond energies, each containing four terms:

(1) its share of the promotion energy E,,, required to put
free atom s and p electrons into sp® hybrid orbitals; it is
independent of bond length and therefore is of no in-
terest here;

(2) the energy gained in forming the bond
—2(Vi + V3)'? with ¥V, = — 3.22#/md? the co-
valent energy, and Vy = (€, . — €,p)/2 the polar ener-
gy equal half the difference between the two hybrid
energies in an AB compound;

(3) the overlap interaction Vo=2n,V2/|€, 0 + €4l
arising from the nonorthogonality of the orbitals on
neighboring atoms and,

(4) the metallization energy from the coupling (propor-
tional to ¥, or Vg, each equal to (¢, — ¢,)/4 for the
A or B atom) between the bond and neighboring anti-
bonds through the hybrids sharing the end atoms of
the bond. The total energy per bond may be written
explicitly as

Ebo«d =Epm - Z(Vi + V})IIZ + 2770V§/|€hA <+ ehB!
— AV + VRIVIAVE+ VL Q)

This equation predicts the cohesive energy and, in principle,
the equilibrium bond length whe 2 minimized with respect to
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the nearest neighbor distance d. The value of 7, is of order
unity, but is not known from theory. It has been adjusted to
give the correct equilibrium spacing for the homopolar semi-
conductors and then taken to be the same for compounds
from the same row of the periodic table; a geometric mean is
used for skew compounds. This then provides predictions of
the bond lengths for any tetrahedral compound."

The only dependence upon 4 in Eq. (1) comes through ¥,
so Eq. (1) can be minimized with respect to ¥, and thend can
be found from V,. In particular, Eq. (1) can be written for an
elemental semiconductor (¥, = 0} to obtain:

OE ona/3V, =2 — 20oVo/€, — 3V2/2V2 =0. 2)

Note that V¥, and ¢, are negative. Given the equilibriur
spacing for, say germanium, the covalent energy V, is c.icr-
mined and Eq. (2) can be solved for 7,. The sam~ 7, is then
used for all the germanium row compounds such as GaAs,
ZnSe, and CuBr.

Each term in the energy gives rise to tension in the bond,

T= —E,y/dd = —(2Vs/d)IE,,.,/3V,. (3)

The first and third terms in Eq. (2) may be thought of as
giving rise to a positive and negative tension, the sum being
balanced by the overlap repulsion from the second term. In
the compounds, the first term in Eq. (2) is reduced by a factor
of a, = |V,|/(V% + V3)"?, the covalency, which would
tend to increase the equilibrium bond length considerably.
However, the negative tension from the metallization contri-
bution in the third term is also reduced by a comparable
amount and the observed bond length remains essentially
the same for GaAs, ZnSe, and CuBr. Actual evaluation of
the derivatives of Eq. (1) showed this strong cancellation and
gave predictions of d = 2.44,2.42,and 2.70 A for Ge, GaAs,
and CuBr. The observed values are 2.4, 2.45, and 2.45 A the
deviations arising from inaccuracy in the two large cancel-
ling terms. Based on this observation, Eq. (1) is simplified
using 2V, + 29,V 3/|€, - + €, |. The average of the val-
ues of the hybrid energies for two constituents from the same
row of the periodic table in a III-V or II-VI compound is
almost identical to the value for the column IV element in
that row (and the geometric mean of the two column IV
clements if two rows are involved), so this predicts nearly the
same bond lengths for isoelectronic systems, in agreement
with experiment.

We call these the natural bond lengths for these com-
pounds; the procedure has been constructed to give values
close to the observed internuclear distances in the pure com-
pounds; that is systems where the average valence of the
constituents is four. For isovalent impurities such as indium
substituted for gallium in gallium phosphide, this natural
bond length will be used in conjunction with the natural
bond length of the host to obtain predictions of the actual
bond length in the alloy.

This also suggests a procedure for obtaining natural bond
lengths when the average valence of the elements forming
the bond is not four; that is, for heterovalent substitutions,
such as germanium substituted for gallium in gallium arsen-
ide. Making such a substitution modifies the overlap interac-
tion which is again taken into account by using an average
hybnid energy; in this case the average is not approximately
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equal to the column IV counterpart. (The geometric mean of
the 7, values is also used if the two elements come from
different rows.) The substitution also modifies the polar en-
ergy V; which enters the second and fourth terms in Eq. (1).
These two modifications nearly cancel so replacing the two
terms by 2V, is appropriate though ¥; has been modified.
However the replacement also changes the average (V'3,
+ V33)/2 which enters the metallization in Eq. (1); that
average changed little in the I1I-V and II-VI compounds so
the homopolar expression was adequate. Here it is necessary
to add the effect of the change in (¥}, + Vi), which is
done by adding —(3/4)[Vi. +Vis — Viw(AP
— Vay(BRIV/(V3 + V312 where ¥,,y(A) and ¥,y (B)
are the ¥, values for the column IV element from the row of
atoms A and B, respectively. This does not change the esti-
mate appreciably for the bonds between atoms with an aver-
age valence of four, but will increase the estimated bond
length for the arsenic-arsenic bond, for example, by 5%. We
believe that this correction is real and it is large enough to be
important.

This gives us a procedure for estimating natural bond
lengths for any pair of elements in a tetrahedral compound,
even if, as in the case of the germanium-arsenic bond, the
bond can occur only when one of the atoms is present as an
impurity. In such a case, two electrons are retained ih each
bond so the impurity is not neutral. Corrections for other
charge states could also be made, but are not included here.
The natural bond length is obtained by setting the partial
derivative with respect to ¥, of the bond energy, obtained as
described, equal to zero. That condition is now:

OFEpona/0Vy =2+ 4oV /€, + €5, | —(3/2)

X [ V}A + V?B = uv(A)2 - nv(B)zl

X [V} + V3p"

—3V3/2(V3 + Vi@ =0. (4)
The value of 9, is obtained from the column IV semiconduc-
tor for each row in the periodic table; the geometric mean is
to be used when two rows are involved. The value for each
row is obtained by noting that for a column IV semiconduc-
tor, A and B are identically the same column IV atom, so the
metallization term in Eq. (4) vanishes. Thus the equilibrium
condition for the homopolar system is , = €, /V,. Both ¢,
and V, are negative and take their values for the column IV

element. Using this number for 5, Eq. (4) is to be solved for
V, and then the natural bond length is given by

d=(—mV,/3.226)7'"?, (5)

where#/m = 7.62 eV (A)*. As an cxample, we evaluate ger-
manium-arsenic natural bond length, with Ge entering as
the + atom. We need first the 5, for the Ge row since both
Ge and As are from that row. With the Ge hybrid energy of
€, . = —9.29 eV obtained from the Hartree-Fock term
values'*anda ¥, = — 4.12¢V for the 2.44 A bond length of
Ge, avalue of 5, = 2.25is obtained. The arsenic hybrid ener-

gyise,_ = —11.46 eV. For V,, a value of 1.09 eV is ob-
tained from the difference in the hybrid energies, and
Vi,= —196¢eV and V,_ = — 2.48 eV are obtained as
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TaBLE 1. Natural bond lengths (A) belween atoms of the germanium row of
the periodic table. The natural bond length is defined as that of a perfect
tetrahedral solid composed of the selected atoms and is determined by mini-
mizing the total bond energy with respect to atomic separation independent
of the existence of the particular solid. Natural bond lengths are useful for
the prediction of the lattice relaxation around substitutional impurities in
tetrahedral solids.

Cu Zn Ga Ge As Se Br

Cu 3358 3212 3195 2941 2697 2498 2.333(A)
Zn 2950 2871 2776 2594 2417 2.266
Ga 2651 2556 2442 2302 2.169
Ge 2440 2348 2227 2.102
As 2290 2196 2.070
Se 2182 2.081
Br 2463

one-quarter of the difference between €, anc €, from the
Hartree-Fock term values; both V,,, (A) and ¥,y (B) are giv-
enby ¥, for this case since both elements are in the germa-
nium row. This "rovides all the parameters for Eq. (4), which
is solved numenically to obtain the value of ¥V, = — 4.44¢V,

" oradof2.35 A. We have evaluated natural bond lengths for

all combinations of Cu, Zn, Ga, Ge, As, Se, and Brin Table 1.
It is interesting to observe that the natural bond length of
ZnSe (2.417 A) is not equal to the sum of half the natural
bond length of a Zn-Zn bond (1.475 A) and half the natural
bond length of a Se-Se bond (1.091 A).

These natural bond lengths have been calculaied as if all
bonds in the system were of the same AB type and all AB
pairs were tetrahedrally coordinated. It should be noted that
there are corrections to the natural bond length due to a
change in environment that have not been included here. For
example, the metallization of an InAs bond in GaAsis modi-
fied because this interaction couples the InAs bond to a
GaAs antibond, and vice versa, modifying the ¥, at appro-
priate places in Eq. (4). This complication is omitted here.

We may also evaluate the force constant k& for the bond. It
is given by

k=a:£bond/ad:' (6)

We shall use Eq. (2) since these constants are fourd to be
rather independent of the polarity of the bond and the small
observed variations are not given well by the theory. The
metallization term in Eq. (1) and Eq. (2) can also be omitted
in calculating the force constant 4, as was done in obtaining
1, = €,/V, above. The force constant is given by

k =8E,./0d*?
= [12V,+ 20n,V3/|e,|)/d* = — 8Vy/d?, 7

equal to 5.54 eV/A? for Ge, compared to an experimental
value of 8.00 ¢V/A? obtained from the bulk modulus. The
discrepancy reflects inaccuracy of the theory and is not nec-
essarily improved by switching to experimental values for A
while using theoretical values for the other parts of the calcu-
lation.

—
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ll. DISTORTIONS AND RELAXATION ENERGY AT
IMPURITY ATOMS

Shih ez al.'® have made a simple calculation of the relaxa-
tion of bonds in pseudobinary alloys, depending just upon
the natural bond lengths (which are equal to the pure-com-
pound bond lengths for their case) and an assumed radial
force constant. They neglected relaxation of the second
neighbors to an impurity; then there is a symmetric radial
relaxation of the nearest neighbors. Treating each bond as a
spring with the same force constant, but with a relaxed
length equal to the natural bond length, one may allow a
small relaxation for each neighbor such that the net force on
it is zero, they find immediately that the nearest-neighbor
distance becomes three fourths of the natural bond length for
the impurity neighbor bond plus one fourth of the host bond
length. We use exactly this result, but of course now have
natural bond lengths for impurities other than those of a
pseudobinary alloy. The calculation of the nearest neighbor
relaxation is immediate. For example using Tabic 1 we see
that a gallium atom substituted in germanium will have
nearest-neighbor bond lengths of (3/4)2.56 A + (1/4)2.44
A =253 A, corresponding to nearest neighbors relaxing
outwards by 0.09 A. This would be slightly increased if we
allowed the second neighbers to relax also and would be
slightly decreased if we included angular force constants, but
the multitude of small corrections are dropped here. Similar-
ly, an arsenic atom substituted in siiicon will have a nearest-
neighbor bond length of 2.315 A, corresponding to nearest
neighbors relaxing inwards by 0.03 A. In our earlier work '
we did not allow relaxation of the neighbors. It is of interest
to include the effect of this relaxation which we do here.
Substituting an impurity introduces a net positive or nega-
tive tension in the bonds adjacent to it which we have de-
scribed as a change in the length of a relaxed spring, but
which we can equally well regard as a force F, leaving the
springs the same as in the host material. The nearest neigh-
bors thes: celax under this force until the force arising from
the four springs surrounding each atom balances F, that is,
the displacement 8d will be such that F = (4/3)kéd. (Note
that the change in length of the three outer bonds is only 84 /
3 and the radial component of the corresponding force is
only a third of the total, but there are three such springs for
each nearest-neighbor atom.) Half of the work done by the
force (F&d ) is cancelled by the increase in the spring energy,
(2/3)k (8d )* for each of the four nearest-neighbor bonds. Us-
ing the expression obtained above for the radial force con-
stant, we obtain a relaxation energy of

E. =(64/3)Vy(8d /d ), (8)
with ¥, the host covalent energy. This is a lowering in energy
required to substitute the impurity. For a gallium atom sub-

stituted for germanium with &d/d = 0.09/2.44, this is
—0.12eV.

IV. RESULTS: COMPARISON WITH EXPERIMENT
AND OTHER THEORIES

The systems which have been most thoroughly studied
both experimentally and theoretically are those involving
only isovalent substitutions as, for example, InAs in GaAs.
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TaBLE I1. Comparison of predicted natural bond lengihs for isovalent sub-
stitutional impurities: M-Z {Martins and Zunger Ref. 9) UPTB (relaxed
universal parameter tight-binding theory).

R (A)
System M-Z

R (A) R (A)
UPTB System M-Z

R (A}
UPTB

AlP:In  2.480 2.466
GaP:In 2474 2473
AlAs:In  2.553 2.542
GaAs:In 2556 2.549
AlSb:In 2746 2.754
GaSb:In 2.739 2.761
AlIP: As 2422 2.397
AlIP:Sb 2542 2.541
AlAs:Sb 2.574 2.559
GaP:As 2414 2.425
GaP:Sb  2.519 2.569
GaAs:Sb 2.564 2.587
InP:As 2595 2.565
InP:Sb  2.700 2.729
InAs:Sb  2.739 2.748
ZnS:Se 2420 2.392
ZnS:Te 2539 2.574
ZnSe:Te 2.584 2.599
HgS:Se 2611 2477
HgS:Te 2.716 2.667
HgSe:Te 2748 2.693
ZnS:Hg 2482 2319
ZnSe: Hg 2.587 2482
ZaTe: Cd 2.755 2.749
ZnTe:Hg 2.748 2.732
CuCl:Br 2.440 2.302
CuCl:1  2.563 2.497 Cul:C1 2407 2.305
CuBr:1  2.585 2.528 Cul:Br 2.500 2.398
C:Si 1.665 1.802 Si:C 2.009 2.004
Si:Ge 2.380 2.383 Ge:Sn 2419 2.406
Si:Sn 2473 2.509 Sn:Si 2.645 2,622
Ge :Sn 2.549 2.569 Sn:Ge  2.688 2.659

InP: Al 2414 2.385
InP:Ga 2409 2.405
InAs: Al 2495 2.457
InAs:Ga 2495 2478
InSb: Al 2.693 2.656
InSb:Ga 2.683 2.677
AlAs:P 2395 2.362
AlSb:P 2444 2.409
AlSb: As 2510 2.462
GaAs:P 21387 2.389
GaSb:P 2436 2.437
GaSb: As 2.505 2.491
InAs: P 2.562 2.526
InSb:P  2.597 2.581
InSb: As 2.667 2.639
ZnSe:S 2.367 2.342
ZnTe:S 2407 2.403
ZnTe:Se 2502 2.478
HgSe:S  2.553 2.425
HgTe:S 2.579 2.488
HgTe:Se 2665 2.566
HgS:Zn 2380 2.337
HgSe:Zn 2494 2439
CdTe:Zn 2674 2.690
HgTe:Zn 2673 2.684
CuBr:Cl 2367 2240

There are two reasons for this. First, the natural bond
lengths are acsociated with naturally occurring tetrahedrally
coordinated compounds, and second, this class of substitu-
tions is of interest in the formation of pseudobinary alloys.
Recently, Martins and Zunger® used a valence force field
model to predict the symmetric lattice distortions around
isovalent impurities in 64 semiconductor impurity systems.
In their model the force constants were obtained by fitting
experimental elastic constants of tetrahedral compounds.
For the five systems which they compared with experimen-
ta] extended x-ray absorption fine-structure (EXAFS) data,
GaAs : In, InAs : Ga, CdTe : Mn, ZnSe : Te, and ZnTe : Se,
the predicted and observed impurity bond lengths agreed
within the experimental error of 0.01 A.Inorder to compare
our theory with that of Martins and Zunger, we calculated
the impurity host bond length for the same 64 systems by
solving Eq. (4) for each type of tetrahedral bond. The natural
bond length for the impurity substituted into the nost was
obtained as three quarters of the host-impurity bond length
plus one-quarter of the host bond length, just as discussed
above. The results are shown in Table 11. The agreement is
remarkable, especially since there are no adjustable param-
eters in our theory. Martins and Zunger also obtained the
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TasLe 1II. Comparison of experimental excess heats of mixing for
{(AB),(Cd), _, pseudobinary alloys tabulated by Siringfellow (Ref. 8) (for
x = 1/2) with theoretical values: Martins and Zunger's model (1984) (Ref.
9); Fedders and Muller's model (1984) (Ref. 10); UPTB (unrelaxed universal
parameter tight-binding model).

84H™ 8AH™ BAH™ BAH™

System Experiment MZ FM Unrelaxed UPTB
AlAs-GaAs 0.00 000 0.00 0.00 (eV)
AlAs-InAs 022 03t 021 0.32
AlSb-GaSb  0.00 000 000 -0.01
AISb-InSb  0.05 018 0.13 0.21
GaP-GaAs 0.03 0.09 0.10 0.06 0.05
GaP-GaSb  Misc. Gap 0.67
GaP-InP 030 0.28 039 o028 043
GaAs-GaSb 0.35 0.39 040 024 033
GaAs-InAs  0.14 0.26 0.17 022 021 0.32
GaSb-InSb  0.13 0.16 022 0.16 0.20
InP-InAs  0.03 006 0.05 0.02
InP-InSb  Misc. Gap o 0.46
InAs-InSb  0.20 0.25 025 0.19 0.29
Ge-Si 0.10 0.14 0.08 0.1
Si~Sn 1.69 238 148 0.36
Ge-Sn 0.65 133 078 —035

contribution of the deformation energy to the excess enth-
alpy of mixing 4H,,. Kraut and Harrison"? have related the
excess enthalpy of mixing to the energies of substitution and
heats of solution as obtained from the theory of the two-
center bond. ' This reiation may be written as

84H,,(x = 1/2) = E,p(Ca) + Exp(Ds) + EcplAc)

+ Ecp(Bp) = 202* )
for the alloy (AB), (CD), _,. Here E,5(C, ) is the energy re-
quired to substitute a C atom on an A site in compound AB
and £2° is the interaction parameter of regular solution the-
ory discussed in Ref. 13. Our previous calculations,'® with-

out lattice distortions, showed that the heats of solution for
isovalent substitutions such as AlAs in GaAs or InAs in

GaAs are roughly an order of inagnitude smaller than the
heats of solution for heterovalent substitutions such as Ge in
GaAs or ZnSe in GaAs. When the unrelaxed heat of solution
(meaning the heat of solution not including lattice distortion)
is already near zero, then one does not expect the addition of
an equally small negative contribution to the heat of solu-
tion, calculated in a different way, to make the number more
accurate or meaningful. Consequently we have compared
experimental excess enthalpies of mixing for isovalent sub-
stitution, from the tabulation of Stringfellow,® with our un-
relaxed tight-binding predictions'® in Table III. Table III
also gives results of Martins and Zunger.® The elastic model
of Fedders and Muller,' Stringfellow’s 1972 calculations’
using Van Vechten’s dielectric-spectroscopic model,® and
Stringfellow’s 1973 modification thereof,® taking into ac-
count an average band gap, give similar results. The agree-
ment between experiment and the tight-binding results ‘s
encouraging, particularly since, unlike the other theories,
the tight-binding calculation contains no adjustable param-
eters. Adding the relaxation energy, calculated as indicated
here, reduces the predicted vslues considerably and worsens
agreement with experiment.

For the case of heterovalent substitutions such as Ge in
GaAs, where the heats of solution are an order of magnitude
greater than the small negative corrections associated with
lattice distortions, we do not have this problem. Because of
the relative insolubility of heterovalent semiconductors in
one another and the associated large positive heats of solu-
t-on, only limited experimental data is available.** How-
ever, these systems are of significant interest because they
form lattice-matched heterojunctions. Table IV gives theen-
ergy of substitution and excess enthalpy of mixing with and
without including relaxation. Direct comparison with exper-
iment is difficult, but the theory is the same as for the isova-
lent systems where agreement with experiment is good. For
heterovalent systems, solid state core-level shifts can be cal-
culated with the aid of the Born—Haber cycle and the ener-
gies of substitution listed in Table IV, as Enderlein and Har-
rison'” and K raut and Harrison have done."* Unfortunately,

TABLE IV. The first five columns give urrelaxed energies of substitution and associated excess heat of mixing for elements and compounds. For example,
E ,u(C.}is the energy in eV required to substitute a C atom oa an A site in compound AB as computed by the universal parameter tight-binding method

(UPTB). The final column includes the reduction due to relaxation.

4AH™ 45K

AB/CD E Wi(Ci) E,4{Dy) EoplAc) Ecp(Bp) unrelaxed  relaxed
Si/GaP 379 -~ 1.78 -3.21 4.14 1.47 111 {eV)
Ge/AlAs 2.20 - 1.55 - 207 3ss 1.07 092
InAs/ZnTe 3.06 0.51 -3.26 0.27 0.29 026
Si/AIP 314 -1.78 -242 4.46 1.70 1.40
Ge/GaAs 2.84 - 1.5§ -279 326 0.88 0.70
Ge/ZnSe 6.81 -~ LI13 -6.3} 10.59 496 360
Ge/CuBr 16.42 1.83 - 17.5% 18.51 9.59 597
GaAs/ZnSe 183 - 096 - 3.60 Ivl 1.44 1.07
GaAs/CuBr 1322 0.70 - 1527 931 R 261
ZnSc/CuBr 10.47 - 090 - 1147 307 0.59 030
Sn/inSb 2.0° - LI12 =219 236 06l 0 s¢
Sn/CdTe 483 —-0.64 —4Mm 8.43 193 108
InSb/CdTe 2.56 - 0.66 - 269 N 11s 09}
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such calculations do not appear to be accurate enough to
provide a good test of the contribution of lattice relaxation to
the energies of substitution.

V. HETEROVALENT MIXING WiTH CHARGE
TRANSFER

As an exampie of the application of the ene:gies of substi-
tution listed in Table IV and the importance of the small
corrections for lattice distortions, consider the germanium-
gallium arsenide system. The heterojunction interface can be
thought of as a crystalline layer serving as a transition region
between the dissimilar bulk semiconductors which it sepa-
rates. For polar interfaces, an important function of this
transition region is to minimize the difference in the average
potential and average potential gradient across the interface
by an appropriate exchange of atoms between the bulk semi-
conductors, forming a transition region of intermediate
atomic composition.* For a (110} interface between bulk ger-
manium and bulk gallium arsenide, simple electrostatic ar-
guments do not constrain the atomic composition of the in-
terface region. The potential is already flat there, since both
Ge(110)and GaAs(110) planes are charge neutral. However,
atom exchanges may still occur. The energies of substitution
can be used to obtain information concerning such ex-
changes and the ones across polar interfaces as well. The
energy to interchange an As and a Ge atom across a Ge—
GaAs interfaceis 3.26 — 1.55 = 1.71 ¢V from Table IV neg-
lecting lattice distortion, and 1.53 ¢V when it is included.
Interchanging a Geand an As atom across a Ge-GaAs inter-
face, increases the nuclear charge on the Ge side by one unit
and decreases it by one unit on the GaAs side. To maintain
charge neutraiity, the change in nuclear charge must be bal-
anced by addition of an electron at the valence-band maxi-
mum of Ge and subtraction of an electron from the valence-
band maximum of GaAs. In this process, no net charge has
been transferred across the interface since the nuclear and
electronic charges have been balanced. Since the Fermi ener-
gy is continuous across the interface, and can therefore be
taken constant in the region of interest, the electron trans-
ferred across the interface to maintain charge neutrality
must be transferred back. Removing an electron from the
valence-band maximum of Ge costs an energy of 8.97 ¢V and
removing an electron from the valence-band maximum of
GaAs costs an energy of 9.64 ¢V.'? The difference { — 0.67
¢V) must be added to the energy required to interchange the
arsenic and germanium atoms, in this case 1.71 or 1.53 eV,
depending on whether or not lattice distortion is taken into
account, to obtain the energy of interchange for charged As
and Geimpurities. This conclusion is valid for both intrinsic
and doped starting heterojunctions. For interchange of a Ge
and a Ga atom acruss a Ge-GaAs interface, the energy from
Table I'V neglecting lattice relaxation is 2.84 — 2.79 = 0.05
eVandis2.73 — 2.87 = — 0.14 eV including lattice relaxa-
tion. The interchange of a Ge and a Ga atom decreases the
nuclear charge on the germanium side by one and increases
iton the gallium arsenide side by one, again compensited by
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removing an electron from the top cf the germanium valence
band and adding it to the top of the gallium arsenide valence
band. To put this electron back costs, 9.64 eV to remove it
from the GaAs and gains 8.97 eV in returning it to the Ge, '
for a net change of 0.67 eV which must be added to the
energy of interchange (0.05 or — 0.14 ¢V). These may be
immediately estimated for any other combination of lattice
matched heterojunction systems using the results of Tables
IV and the Hartree-Fock valence-band maxima from Ref.
18.

Itisinterestingand important that putting either Gaor As
atoms into germanium is energetically expensive. Such a
transfer would be important to the electrical properties be-
cause it produces dipole fields and doping. Ifone of theinter-
change energies is small or negative, spontaneous inter-
changes might be expected and an associated dipole would
be created determined by the substitution energies. This di-
pole might grow in strength until it just balanced the small
substitution energies. Our results would suggest that the in-
terchange energies are too large to allow this. However, our
calculations have been performed for impurities in bulk se-
miconductors and we have not explicitly taken into account
the effects of a real adjacent interface and the perturbations
that it would produce in the electronic states.

VI. SUMMARY AND CONCLUSIONS

We have d=fined a natural bond length for any binary
tetrahedrally coordinated solid, whether or not it actually

occurs in nature, by minimizing its bond energy. For solids-

containing three or more kinds of atoms, these natural bond
lengths have been used together with a simple spring model
of lattice distortion to calculate the corresponding alloy
bond lengths. We find that these bond lengths are given by
three-quarters of the host-impurity bond length, computed
from energy minimization, plus one-quarter of the host’s
natural bond length. Calculations have been performed for
both isovalent and heterovalent impurities in tetrahedral se-
miconductors. For isovalent impurities, our results are in
reasonably good agreement with experimental EXAFS bond
lengths, and with experimental excess enthalpies of mixing,
as well as with other theories. For heterovalent impurities,
the impurities may become charged, and when atoms are
interchanged across lattice matched heterojunction inter-
faces, this may create interface dipoles. Such interface di-
poles would cause the heterojunction band lineups to deviate
from predictions based on simple differences between the
bulk properties of the constituent semiconductors, in agree-
ment with experiment. The present energies of interchange
at heterojunction interfaces seem too large to be associated
with spontaneous interchanges and other processes may be
involved. These processes are as yet unidentified and may be
interface related.
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Starting from nonpolar heterostructures, such as Ge/Si/Ge, polar heterojunction interfaces with isovalent
interlayers are constructed by iransferring protons between nuclei {(Harrison ef al.). The relation between
isovalent interlayers and interface dipoles is explained and it is shown that, despite the chemical inhomo-
geneity represented by an isovalem interlayer, the valence-band discontinuity between dhe adjacent semi-

conductors may depend only on iheir bulk properiies.

The purpose of this Rapid Communication is to show how
three-layer heterostructures composed entirely of semicon-
ductors can be used to form polar heterojunction interfaces
having isovalent interlayers and to explain the relationship
of these interlayers to interface dipoles. We shall see that
by an appropriate interface reconstruction, the interface di-
poles can always b~ eliminated with the result that the band
discontinuities between the adjacent semiconductors may be
determined by their bulk properties alone. Recent experi-
mental evidence! that the incorporation of a monolayer of
aluminum at the Ge/GaAs(100) interface does not change
the measured valence-band offset supports thess ideas and
suggests that interfaces may reconstruct to minimize the
change in the average potential and average potential gra-
dient across the interface. To the degree that reconstruction
processes may be governed by irreversible thermodynamics,
the reconstruction may be incomplete and a remanent di-
pole may remain. Such remanent dipoles might be respon-
sible for the crystallographic orientation dependence,? non-
transitivity,’ and growth sequence dependence* observed in
experiments. From a technological point of view, a
remanent dipole as large as 0.2 eV would correspond to 8kT
in units of room-temperature thermal energy and could not
be ignored in practical applications.

In what follows, we shall focus our attention on the
Ge/Al/GaAs(100) system because that is the one which has
been experimentally investigated! but the methods and con-
clusions apply equally well to the Ge/In/GaAs(100),
Si/Ga/AlP(100), and a-Sn/Ga/InSb(100) heterostructures
and to their (111) orientations as well. To construct the
Ge/Al/GaAs(100) system, we start from an infinite Ge
crystal and imagine a single (100) plane of Ge atoms to be
replaced by an equivalent (100) plane of Si atoms forming a
Ge/Si/Ge heterostructure. Since the atom planes are un-
charged, there is no variation in the bulk electrostatic poten-
tial normal to the Si plane. Following Harrison, Kraut, Wal-
drop, and Grant,® we imagine removing a proton from each
Si nucleus and transferring these protons to the nearest-
neighbor Ge atoms on one side of the Si plane. Al the
same lime, we imagine the electronic structure to be un-
changed from that of the Ge/Si/Ge heterostructure. Elec-
t.onic relaxation can be included by allowing the bonds to
o2 polar in a later step. As a result of the proton
tran 778, the neutral Si atoms have become negatively
charged Al atoms with a charge of — 1 and the Ge atoms
have become positively charged As atoms with a charge of
+1.

A

The process is now repeated, starting with the row of Ge
atoms adjacent to the positively charged As atoms. A pro-
ton is removed from each Ge atom, converting it to a nega-
tively charged Ga atom. These protons are then inserted
into the adjacent Ge atoms to obtain positively charged As
atoms and so on ad infinitum. The resulting Ge/Al/
GaAs(100) heterostructure and its associated electrostatic
potential, obtained by solving Poisson’s equation, is shown
in Fig. 1. Although the bonds will polarize in the electro-
static field produced by the proton transfers, only the center

Q) —Ge
® -G
O -
Q-

¢ /L—

[~]

FI1G. 1. Starting from a Ge/Si/Ge heierostructure, a Ge/Al/
GaAs(100) helerosiruciure is produced by iransferring prolons lo
the right beginning with ihe Si plane. The poiential ¢ averaged
over planes , allel 10 the inlerface is oblained by integraling
Poisson's equatio: from lef1 10 right. The firs1 siomic plane 10 the
right of 1he junctic is composed eniirely of sluminum atoms and is
negalively charged 1. the absence of bond polarization. A nonzero
average electric field has arisen 10 the right of the junction due 10
charge sccumuiation. |t is no eliminated by bond polarization (Ref.
5), ahhough the laner will change 1he sign of 1he effective charge
on the sluminum atoms.
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of gravity of the two electrons in each bond will be affected
and it follows that the charge redistribution in the bonds at
the interface cannot remove the charge accumulation arising
from the proton transfers.’ The potential for the structure
of Fig. 1 increases at a rate of about 0.5 eV per A [see Eq.
(1) of Ref. 51. This corresponds to a huge electric field for
which there is no experimental evidence. Consequently, it
ts likely that the interface reconstructs so as to eliminate the
large electric field associated with the abrupt interface. The
simplest reconstruction is shown in Fig. 2. It eliminates the
charge accumulation but not the interface dipole and corre-
sponds to two transition planes, each containing half a
monolayer of Al, separating bulk Ge from bulk GaAs. The
change & in the average potential between bulk Ge and bulk
GaAs is 5= we?/2ea for this case, where =12 and a = 5.65
A for GaAs, giving 5=0.34 eV. The exnerimental data' do
not support a dipole of this magritude at the
Ge/Al/GaAs(100) interface. The next simplest reconstruc-
tion eliminates both the change in the average potential and
the change in the average potential gradient in the direction
normal to the interface by using three transition planes
separating bulk Ge and bulk GaAs. The plane nearest the
bulk Ge consists of 1’- Ge atoms and + As atoms. The next
plane consists of + Ge atoms and 4 Al atoms followed by
an As(100) plane and a Ga(100) plane containing + Al
atoms as shown in Fig. 3. Since there is no interface dipole,
the valence-band discontinuity for the reconstruction of Fig.
3 should be determined entirely by the properties of bulk
Ge and bulk GaAs despite the presence of Al atoms at the
interface. For this case, une might predict that photoemis-

Vot
Yo

{110]

5
¢ Ll
0 ' T! ‘V

FIG. 2. A (001) heierosiruciure as in Fig | but with -; of the Al

atoms replaced by Ge aloms and a -; monolayer of Al on the next
Ga plane. The average eleciric field in the GaAs Las been ehminat-
ed bui there is siill a dipole shufi § much larger than ‘s experimen-
tally observed (Ref. 1). The dipole shifi is no1 ehminaied by bond
polarizaiion (Ref. §).

EDGAR A. KRAUT 3l

FIG. 3. A (001) heterojunction as in Figs. 1 and 2 but with three
transition planes. The first is -} As and -i Ge. The second is -3 Al

and -} Ge, and the third is -} Ga and : Al This is the simplest
junction geometry which eliminates both the interface dipole and
the charge accumulation. The valence-band offset for this recon-
struction depends only on the bulk properties of Ge and GaAs.

sion experiments would show chemical shifts and line
broadening associated with the presence of Al at the inter-
face without there being any effect on the valence-band
offset bectween Ge and GaAs.

It is clear that by varying the Al, Ga, and As atomic com-
position over a few interface planes separating bulk Ge from
bulk GaAs, different interface dipoles, including zero, can
be obtained. Therefore, an experimental observation' that
the valence-band offset at a polar heterojunction interface is
not affected by the presence of a monolaver or more of ap
isovalent impurity does not prove that band offsets are
interface-independent bulk semiconductor properties in gen-
eral. Crystallographic orientation dependence,® growth se-
quence dependence,* and nontransitivity’ remain important
interface-dependent phenomena affecting the magnitudes of
heterojunction band discontinuities and providing important
information about the interface. Although these phenome-
na may not occur at all heterojunction interfaces, they are
likely to be important in systems ving an interface which
involves growth of a compound semiconductor on an ele-
menta! semiconductor such as CuBr on Ge® or GaAs on
Ge%? A theory of heterojunction band discontinuities
should be broad enough to include these phenomena even
though they may not occur in every case. The conclusions
reached here also apply to the Ge/ln/GaAs(100),
Si/Ga/AIP(100), and a-Sn/Ga/InSb(100) interfaces, and
their (111) equivalents, obtained by starting from Ge/a-
Sn/Ge, Si/Ge/Si, and a-Sn/Ge/a-Sn covalent heterostruc-
tures.

In summary, a method has been presented for oblaining
polar heterojunction interfaces with an isovalent interlayer
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by starting from a semiconductor heterostructure and
transferring protons between adjacent atomic planes. It has
been shown that the resulting interface dipole can be elim-
inated by a reconstruction involving as few as three atomic
planes. Finally, the absence of any experimentally detect-
able effect of an isovalent interlayer on a heterojunction
band lineup suggests that such a dipole-reducing reconstruc-
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tion may have occurred and is not necessarily en indication
that polar heterojunction band lineups are interface indepen-
dent.
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Research under Contract No. N00014-85-C-0135.

1A. D. Katnani and R. S. Bauer, in Proceedings of the 12th Annual
Conference on the Physics and Chemisiry of Semiconductor Interfaces,
Tempe, AZ, 1985, edited by R. S. Bauer [J. Vac. Sci. Technol. B
(to be published)).

R. W. Grant, J. R. Waldrop, and E. A. Kraui,"Phys. Rev. Lett. 40,
656 (1978).

3J. R. Waldrop and R. W. Grant, Phys. Rev. Len. 43, 1686 (1979).

4). R. Waldrop, S. P. Kowalczyk, R. W. Grant, E. A. Kraut, and

D. L. Miller, J. Vac. Sci. Technol. 19, 573 (1981).

SW. A. Harrison, E. A. Kraut, J. R. Waldrop, and R. W. Grant,
Phys. Rev. B 18, 4402 (1978).

6P. Zurcher and R. S. Bauer, J. Vac. Sci. Technol. A 1, 695 (1983).

R. W. Grant, J. R. Waidrop, S. P. Kowalczyk, and E. A. Kraut, in
Proceedings of the 12th Annual Conference on the Physics and Chem-
istry of Semiconductor Interfaces, Tempe, AZ, 1985, edited by R. S.
Bauer (J. Vac. Sci. Technol. B (to be published)].




Surface Science 168 (1986) 498-506
North-Holland, Amstérdam
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The valence-band discontinuity, AE, . for heterojunctions formed by growing GaAs on epitax-
ial Ge(110) layers has been observed to exhibit a continuous decrease with time for =100 h after
interface formation. These new results are compared with previous measurements for
heterojunctions formed by growing GaAs on sputter-annealed Ge(110) substrates. jt is found
that the magnitude of the 4E, variatioh and the associated time constant depend somewhat on
interface preparation variables. Because the time-dependent 4E, variation is observed for GaAs
grown on both epitaxial Ge(110) layers and on Ge(110) substrates, it appears to be a characteris-
tic feature of GaAs grown on Ge interfaces.

1. Introduction

The band discontinuities between epitaxial Ge and GaAs have been the
subject of considerable experimental study [1-15], due, at least in part, to the
possibility of utilizing Ge-GaAs heterojunctions and superlattices in semicon-
ductor device applications. It has been observed [12,13,16] that the valence-
band discontinuity, 4E,, for GaAs grown epitaxially on Ge(110) is substan-
tially smaller than for the reverse growth sequence”, i.e.

AE|GaAs/Ge(110)] < AE,[Ge/GaAs(110)).

The growth of a compound semiconductor (e.g.. GaAs) on an elemental
semiconductor (e.g.. Ge) involves an ambiguity in nucleation site which may
produce antiphase disorder; it may be necessary to eliminate this disorder if
device quality GaAs/Ge interfaces are to be prepared [17,18]. Heterojunction
formation between GaAs and Ge on polar surfaces is influenced by atomic ex-
change across the interface to satisfy electrostatic considerations [19}. How-
ever, on non-polar surfaces (i.e. (110)). the energetics of atomic exchange

* In this paper, A/B refers to a heterojunction formed by growing A on B, while A-B refers
to a heterojunction without specifying the growth sequence.

0039-6028/86/303.50 © Elsevier Science Publishers E.V.
(North-Holland Physics Publishing Division)
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across an interface is associated primarily with bonds formed or broken during
the exchange. Tight-binding theory has been used [20] to calculate energies of
atomic substitutions: these calculations indicate that atomic exchange is not
favored at an ideal Ge-GaAs interface. However. at a GaAs/Ge(110) inter-
face. where antiphase domain disorder exists. there are bonds between like
atoms and these atoms may favor exchange. It has been suggested that atomic
exchange of Ge and As atoms at the intersection of As antiphase domain
boundaries with the Ge(110) substrate may be responsible for the observed
Ge-GaAs(110) AE, growth sequence effect [16].

A new phenomenon was observed recently [16] in a study of GaAs grown
epitaxially on Ge(110). It was found that AE, decreased with time for =100
h after interface formation. This time variation had an exponential form and
the associated rate constant appeared to increase with temperature. No time-
dependent variation of AE, has been noted for the Ge/GaAs(110) interface.
The time-dependent AE, variation for the GaAs/Ge(110) interface may be a
direct result of the Ge and As atomic exchange mechanism proposed to
account for the 4E, growth sequence effect. The initial study only involved
growth of GaAs on sputter-annealed Ge(110) surfaces. To investigate the
possibility that the sputter-anneal cycle may be related to the GaAs/Ge(110)
interface instability. new measurements have been performed for GaAs
grown on epitaxial Ge(110) layers. These new results show that the time-de-
pendent 4E, variation is observed for GaAs/Ge(110) heterojunctions formed
by growing GaAs on surfaces of either epitaxial or sputter-annealed G¢(110).

2. Experimental

An X-ray photoelectron spectroscopy (XPS) technique was used for the
AE, measurements. This technique has been described previously in dctail
[21.22]. A HPS950A XPS spectrometer was used which employs mono-
chromatic Al Ka (1486.6 eV) radiation. The GaAs/Ge(110) heterojunctions
were prepared in a UHV sample preparation chamber which is attached to
the spectrometer.

A schematic of the heterojunction samples is shown in fig. 1. The Ge(110)
substrates were purchased from Eagle-Picher Industries. Inc. To remove
polishing damage. the substrates were etched in 3HNO;:SCH,COOH:3HF
for a few minutes immediately before insertion into the XPS spcctrometer.
A clean and ordered Ge(110) substrate was prepared by sputtering with |
keV Ar® ions and annealing at 600°C for =30 s. The room-temperature
low-energy elcctron diffraction (LEED) pattern associated with this substrate
was complex and resembled the ¢(8x 10) pattern reported by Olshanetsky et
al. [23]. No oxygen or carbon contamination was detectable by XPS. Epitaxial
Ge layers were grown in situ at a deposition rate of =15 A/min with the
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EPITAXIAL Ge 21804
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Fig. 1. Schematic illustration of GaAs/Ge(110) sample geometry.

substrate held at =450°C. For samples A and B, the epitaxial Ge layers were
=500 and =150 A thick, respectively, as estimated by using a quartz crystal
deposition monitor. The escape depth of Ge 3d photoelectrons (kinetic
energy =1450 eV) is =25 A as suggested in fig. 1, only the epitaxial Ge layer
was sampled during the XPS 4E, measurements.

Following Ge epitaxial growth, sample A was immediately (in a few mi-
nutes) cooled to room temperaiure. Sample B was annealed at 600°C for =30
s hefore cooling to room temperature to reproduce the same annealing con-
ditions used to prepare the sputter-annealed Ge(110) surfaces employed in
the previous [16] GaAs/Ge(110) heterojunction studies. The LEED patterns
for both epitaxial Ge(110) surfaces were complex: although the integral-order
spots were sharp, the fractional-order spots were not as clearlv resolved as
for the sputter-annealed surfaces. No carbon or oxygen impurities were de-
tected by XPS.

The epitaxial Ge(110) surfaces were dosed initially with As by exposing
the heated (=350°C) surface to an As, beam; the exposure was =30 L. Thin
epitaxial layers of GaAs were grown on these As-dosed surfaces by molecular
beam epitaxy. The GaAs growth temperature was =350°C and the As,/Ga
flux ratio was = 5:1. The GaAs layer thicknesses for samples A and B were
=22 and =24 A, respectively, as measured by XPS. Following growth. LEED
was used to confirm epitaxy and surface cleanliness (no detectable carbon or
oxygen) was assessed by XPS. The 4E, measurements were initiated as soon
as possible thereafter.

To facilitate comparison of resuits obtained with GaAs/epitaxial Ge(110)
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and with GaAs/sputter-annealed Ge(110) heterojunctions, a set of data for
the latter case (sample C) is reproduced from ref. [16]. The Ge(110) surface
for sample C was sputtered with 2 keV Ar™ ions, annealed at =600°C for
=30 s, and was dosed with As prior to GaAs growth in the same manner as
the epitaxial Ge layers. The GaAs growth conditions were the same as for
samples A and B; the GaAs layer thickness for sample C was =25 A,

Fig. 2 shows a typical XPS spectrum (obtained from sample A) in the
binding-energy region which contains the Ga 3d, Ge 3d and As 3d core
levels. Spectra similar to that shown in fig. 2 were recorded at several times
(t) following interface formation. The accumulation of data with counting
statistics similar to that shown in fig. 2 required several (4-12) hours. The
10-60 eV binding-energy region data were obtained by repeated!y scanning
(several hundred times) this spectral region during the data accumulation
period.

Fig. 3 shows XPS data (for sample A) at (a) r = 3 h and (b) t = 249.5 h.
Because data collection required several hours, t was taken as the midpoint of
the data accumulation period. The data in fig. 3 are plotted relative to the
center of the Ga 3d photoelectron line (note breaks in the energy scale). For
ease of comparison, each peak has been normalized to equal intensity. The
peak center is defined as the half width at half height. The solid lines in fig.
3 define thc peak centers at t = 3 h, while the dashed lines are peak centers
at r = 249.5 h. A large increase (0.30 eV) is observed in the Ge 3d to Ga 3d
core-level binding-energy difference EQS 3y — EZ2Aj for the t = 249.5 h data as

3 T T T T
As3d
GaAs/Ge (110)
_a2F SAMPLE A Ga3d -1
‘ ?
© ]
2 . Ge3d
£ o I :
2 X il .
Q L P .
© i o ;
1w s .. N .
. : '; 4 :
7 . . e 5 g 3 k
— = \ iR E ;
W A H
\ ° k]
(o] | | 1 A
60 50 40 30 20 10
ENERGY (eV)

Fig. 2. Typical XPS spectrum of a GaAs/epitaxial Ge(110) sample in the Ga 3d. Ge 3d and As 3d
core-level region
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Fig. 3. XPS spectrum in the region of the Ga 3d. Ge 3d and As 3d core levels obtained for
sample A at (a) 1 = 3 h and (b) 1 = 249.5 h. The binding-energy scale is relative 10 the Ga 3d
core level. The solid vertical lines are the peak centers at 1 = 3 h: the dashed vertical lines are
the peak centers at 1 = 249.5 h.

compared to the t = 3 h data. (A much smaller increase (0.05 eV) in the As
3d to Ga 3d core-level binding-energy difference ES:3 — Ega*yy is  also

noted.)

3. Results and conclusions

The core-level binding-energy difference, ESs oy — EZ2A). measured as a

function of 1 for samples A. B and C is plotted in fig. 4. This binding-energy
difference is related [10] to AE, (in eV) by

AE, = (E& 3 — E%) = (EGA — EV™) =~ (EGiw — ESIN). (1)
where EZ 5 — ES and E2243 — E%*A* are the Ge 3d and Ga 3d core-level bir-
ding energies relative to the valence-band maximum in bulk Ge and GaAs.

respectively. Values of these quantities are ES o — E% =29.57£0.03 eV
and E@A; - EG*A = 18.80 * 0.03 eV [21). Thus, 4E, (in eV) for GaAs/Ge

heterojunctions is
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AE, = 10.77 — (ESt o — ES24 @)

and a change in ESS 3, — ES24) directly represents an equal change in 4E,.
The right-hand scale in fig. 4 shows the value of AE,.

The photoelectron peak linewidths, peak area ratios, and E$#45 — ES24)
were also determined as a function of ¢. The small increase observed in
ES35 — ESAY (see fig. 3) most likely is associated with a change in GaAs
surface chemical shifts due to a slight surface carbon accumulation for large 1.
A slight decrease in the Ge 3d linewidth with r was also suggested which might
be associated with the long data accumulation period and rapid initial varia-
tion in AE,. No other time-dependent change in the spectral parameters was
observed.

A semilog plot of AE (1) — AE,(=) is shown in fig. 5 for samples A, B
and C. The straight lines through the data were obtained by a least-squares
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Fig 4. Vanaton of £ o — E{\y and of JE, versus time after interface formation for GaAs/

Ge(11U) samples  The GaAs was grown on epitaxial Ge lavers for samples A and B. and on &
sputter-anncaled Ge surface for sumple C.
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Fig. 5. Semilog plot of A4E (1) — 4E,(=) versus f for samples A. B and C.

fit. To a good approximation. the data have an exponential behavior of the
form

AE\(’) - AE\(“) = [AE\(O) - AE\(x)] exp (_’/T)* (3)

where 77! is a rate constant. The values of ™' for samples A, B and C are

0.013 h=',0.029 h™' and 0.038 h™', respectively. The data for samples B and
C are similar. A common feature of these two samples was the brief (=30 s)
600°C anneal which followed either the expitaxial Ge growth (sample B) or
the sputter-anneal Ge surface preparation (sample C) and preceded the
GaAs epitaxial growth. For sample A, both 1 and 4E (=) are substantially
larger than for the other two samples. This may suggest a dependence of
interface structure on the Ge annealing temperature (450°C versus 600°C)
used prior to GaAs growth.

The primary conclusion from these experiments is that the previously re-
ported [16] GaAs/Ge(110) interface instability is observed for heterojunctions
prepared both on sputter-annealed Ge(110) substrates and on epitaxial
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Ge(110) layers. The magnitude of 4E,(«) and the time constant which ap-
proximates the 4E, versus ¢ behavior may depend on variations in the anti-
phase disorder, as determined by variations in the Ge(110) surface prior to
interface formation. The time-dependent variation of AE, is consistent with
the model that atomic exchange of As and Ge atoms occurs as a result of
antiphase domain disorder at GaAs/Ge(110) heterojunctions. The variation
of 4E, with time after interface formation may be observable at other
heterojunction interfaces where antiphase domain disorder is expected (e.g.,
ZnSe/Ge(110)). and where 4E, growth sequence dependence has been re-
ported [24].
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GaAs-Ge heterojunctioninterfaces: Cyclical behavior of band discontinuities

J. R. Waldrop, R. W. Grant, and E. A. Kraut
Rockwell International Corporation, Thousand Oaks, California 91360

(Received 29 January 1986; accepted 7 April 1986)

- The valence band discontinuity AE, of (110) and (100) oriented heterojunctions made by
growth of GaAs onto Ge (GaAs—Ge) is found to decrease with time after interface formation (on
a scale of tens of hours). The thin, abrupt heterojunction samples were prepared by mnlecular
beam epitaxy techniques and characterized by x-ray photoemission spectroscopy. The final room
¥ temperature value of AE, (GaAs- ) is > 0.2 eV lower than the ~0.56 eV value for the stable
Ge-GaAs (reve-se growth sequence) interface. Annealing a sample for several minutes in
vacuum at the g-2wth temperature increases AE, (GaAs-Ge) to approximately the Ge-GaAs
value. By coni. -t of anneal time and an accompanying As overpressure, AE, (GaAs-Ge) can be
cycled by > 0.2 eV. This variation in an interface electrostatic dipole is apparently related to a
variable amount of electrically active ‘As that is located at the heterojunction interface. The dipole
formation mechanism involved may require the presence of the antiphase disorder that is

expected for growth of GaAs on Ge.

I. INTRODUCTION

Knowledge of the factors that control and influence hetero-
junction band discontinuities is both of fundamental interest
and of use in practical applications. A customary assump-
tion to simplify the formulation of models'™ to predict the
magnitude of band offsets is to ignore the contribution of
interface effects. Experimental investigation of the size and
origin of interface contributions to band discontinuities can
thus help determine the cases when a refined model that
incorporates such effects is appropriate. An example of a
sizable interface effect is the growth sequence dependence of
the valence band discontinuity AE, for the (110) oriented
Ge/GaAs heterojunction pair, where AE, for the Ge grown
on GaAs interface [designated AE, (Ge-GaAs)] is sub-
stantially larger than AE, (GaAs-Ge) for the reverse grown
interface.>” Another effect that is associated with the
growth sequence of the (110) interface has recently been
observed,” whereby AE, (GaAs-Ge) has a remarkable
change ( >0.2 eV) with time after interface formation (no
time dependence has been observed for the Ge-GaAs inter-
face); over 100 h were required for AE, (GaAs-Ge) to ob-
tain a constant value.

In this paper the time dependent nature of AE, is further
investigated for both (110) and (100) oriented GaAs-Ge
heterojunction interfaces. The samples were prepared by
molecular beam epitaxy (MBE) techniques and character-
ized by x-ray photoemission spectroscopy (XPS). For both
(110) and (100) crystallographic orientations, AE, was
found to have a cyclical variation in magnitude as a function
of time, temperature, and sample exposure to elemental As.

Il. EXPERIMENTAL

The method of using XPS to measure heterojunction band
discontinuities has been discussed in detail elsewhere.” The
XPS system is a HPS9S0A electron spectrometer
(hv = 1486.6 eV monochromatic x-ray source) that is cou-
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pled to a custom ultrahigh vacuum (10~ '° Torr range) sam-
ple preparation chamber. The photoelectron escape depth
for the photoelectron kinetic energies analyzed and emission
angle used is ~ 16 A. The structure of the heterojunction
samples is illustrated in Fig. 1(a). To prepare a sample, an
~ 8% 8 mm piece of bulk Ge wafer, either (110) or (100)
orientation, is etched for several minutes in 3:5:3 HNO,:
CH,COOH:HF to remove polishing damage, quenched in
H,0, dried, then put into the XPS system. Sputtering with 1
keV Ar™ ions followed by annealing at 600 °C for 30 s pro-
duced a clean and order=d Ge surface. The low energy elec-

“ i‘\/?

//cuupuw ~ 20A
/ Ge epllayer > 200A

COUNTS
e
™
a

1 | 1 1 k"—""'“
€0 50 40 30 20 10

BINDING ENERGY (eV)

Fte.. ). (a) Structure of the GaAs-Ge heterojunction samples (b Repre-
sentative XPS binding encrgy spectrum of s GaAs- Ge (110) sample in the
region of the Ga 3d, Ge 3d. and As 3d core levels
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tron diffraction (LEED) pattern for the (110) surface was
complex and resembled a ¢(8 X 10) pattern®; the (100) sur-
face LEED pattern® was c(4X2). A > 200 A thick Ge epi-
taxial layer was grown onto the Ge bulk material at a sub-
strate temperature of ~450 °C and a 0.5-1 A/s growth rate.
The LEED patterns from the epitaxial Ge layer surfaces
were the same as those of the starting substrate surfaces.

Each sample had a thin, ~20 A thickness, GaAs epitaxial
layer grown onto the Ge epilayer by MBE at a substrate
temperature of ~ 325 °C. The Ge surfaces were exposed to
~10 L of As, at the growth temperature prior to GaAs
growth, which then proceeded with a As,/Ga flux ratio of
~5:1 and ~5 A/min rate. LEED was used to confirm epi-
taxial growth of the GaAs; no C or O in the samples was
detectable by XPS.

For a thin, abrupt heterojunction sample in which the in-
terface is at a distance comparable to the XPS photoelectron
escape depth from the surface, as in the present case, photo-
electrons that originate from each side of the interface will be
observed in the same XPS spectrum. For example, Fig. 1(b)
is a representative 10~v0 eV binding energy spectrum from a
GaAs-Ge (110) sample that contains the Ga 34 and As 3d
core level peaks from the GaAs epilayer and the Ge 3d core
level peak from the underlying Ge epilayer.

Figure 2(a) is a schematic energy band diagram of the
interface region of a GaAs-Ge (or Ge-GaAs) heterojunc-
tion, where E. and E, are conduction and valence bands,
respectively,and AE¢, = (E &%, — E 3245) is the binding
energy difference across the interface between the Ge 3d
corelevel in the Ge and the Ga 3d corelevel in the GaAs. By
inspection, AE, = (ES,, —ES) — (ESAy —ES™)
— AE(, ,wherethe (ESS,, — ES)and (ESM; — ES*)
terms are Ge and GaAs bulk material constants that have
previously been determined'® to bz 29.57 + 0.03 and
18.80 + 0.03 eV, respectively. Thus, AE, =10.77 — AE

e GaAs Ge
{3 A€, £Ge
€
= £
GaAs lA
v
€5a3g
aEg
gGe
Ge3d
b Ge 3d Ga 34
1+ .~ ."'.
> i
r :
s .
& I kg, 4
o / A md N
1 1 1 1 1 A 1 1 1 1 L
12 10 8 v 2 ) -2

RELATIVE BINDING ENERGY [eV)
Fie 2 () Schematic energy band diagram of the GaAs-Ge mterlace (b)

Measurement of AE | = (F 7., — F 020 tdata Irom spectrum i by
1)
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¢V. This relation also indicates that a change observed in
AE . ,asaresult of some sample treatment for example, is a
direct measure of the change that also has occurred in AE,
[i.e, 8(AE,) = — 8(AE ¢y )]. Figure 2(b) illustrates the
precision measurement of AE <, , which for this example is
thedatain Fig. 1(b). A background function that is propot-
tional to the integrated photoelectron peak intensity is first
subtracted from each core level peak. The binding energy of
a core level peak is then measured at the half-width point at
half-height. The peak height and width are consistently de-
termined by using a computerized algorithm that involves a
third order least square fit to segments at the sides and top of
the discrete peak data. With this method AE ¢, is reproduci-
bly measured to + 0.01 eV. Thus, although the measure-
ment uncertainty of an absolute AE, value is + 0.04 eV
because of the uncertainty in the (E, — E,) values, the
relative changes in AE, for a given sample (and the sample-
to-sample comparison of AE, differences) are measured to
+0.01 eV.

The (E$*); — ES4;) difference, As 3d linewidth, and
the Ga 3d /As 3d and Ga 3d /Ge 3d peak area ratios were
also measured in each 10-60 eV spectrum. These data and
the Ga 3d and Ge 34 linewidth data showed no evidence of
interface chemical effects. The attenuation of the Ge 3d peak
intensity after GaAs growth relative to that of the initial Ge
substrate was used to evaluate the GaAs thickness. This
peak atienuation data and the absence of a detectable char-
acteristic Ge LEED pattern after GaAs overlayer coverage
were both consistent with a uniform growth mode. Recent,
more direct, data relating to the morphology of GaAs on Ge
in the initial epitaxial growth regime indicate that island
growth can occur.'! The relatively low growth temperature
used to prepare our XPS samples may have helped, however,
to minimize island formation. ¢

Two (110) oriented samples and one (100) oriented sam-
ple were prepared. A sequence of XPS spectra such as shown
in Fig. 1 was collected at intervals during the time ¢ after
GaAs-Ge interface formation. Each spectrum required sev-
eral hours of data accumulation time. Hence, the ¢ for a
AE- (AE,) data point is measured to the midpoint of each
spectrum accumulation period. In the course ofa AE | vs¢t
measurement sequence, which in each case lasted longer
than 100 h, a sample was at times cycled to the GaAs epi-
layer growth temperature ( ~ 325 °C), either with or with-
out an As overpressure, for a duration of several minutes
{ XPS data were always obtained at room temperature). The
10~ ° Torr As overpressure and the ~325°C anneal tem-
perature were used to reproduce the imtial MBE GaAs
growth conditions. These short temperature and As expo-
sure cyvcles tested the stability of the interface with respect to
AE, .

Il RESULTS

Figure disaplotof A = (K0, — EUSV) v (and
corresponding AF ) foroncof the (110) sumples. Intervai l
is the ininal peniod after growth. At e = 41.9 h the sample
was annealed m o vacuum av the growthh temperiture
(~325°C) for 10min. Intervat I the period subseguent to
this annceal.
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F1G. 3. Plot of AE, and of the corresponding AE, vs time after interface
formation for a GaAs grown on Ge (110) inlerface. Inlerval I: as grown;
Interval II: after 10 min vacuum anneal (delails in text).

The other (110) sample was subjected to several anneal
and As exposure treatments after interface formation. In the
AE o (AE,) plot shown in Fig. 4 interval 1 is after growth.
A 10 min vacuum anneal was given at t = 65.4 h (the data
point at the boundary of intervals I and I1is the resuit). This
anneal was followed by an additional 20 min vacuum anneal.
Interval II is thus after a 30 min total vacuum anneal.
Between I1and 111, at ¢ = 158.9 h, the samplc was annealed 5
min with As overpressure. Interval IV is after a 20 min vacu-
umanneal at7 = 230.8 h. At the startof interval V,r = 277.8
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min vacvum anncal; Intersal V:afier $min As anneal
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FI1G. 5. Plot of AE;, and of AE, vs time after inlerface formalion for a
GaAs-Ge (100) interface. Interval I: as grown; Interval I1: after 20 min
vacuum anneal; Inlerval I11: after 5 min As anneal.

h, the sample was again annealed for 5 min with As overpres-
sure. To summarize, intervals I, I1I, and V are after the sam-
ple was at the GaAs growth temperature in an As overpres-
sure; intervals II and IV are after a vacuum anneal at the
growth temperature.

The AE ¢ vst dataforthe (100) sample are shown in Fig.
5. Interval I extended to 380.4 h after growth, at which time
there was a 20 min vacuum anneal prior to interval II.
Between intervals II and III, at 426.1 h, the sample was an-
nealed 5 min with As overpressure.

The range of AE | in Figs. 3-5is > 0.2 eV for each sam-
ple. In comparison, the corresponding values of the (E $43;
— E34%) core level binding energy difference for a given
sample showed in every instance only small ~ + 0.02 eV
variations. Similarly, the Ga3d, As3d, and Ge 3d
linewidths exhibited random fluctuations of ~ + 0.03 eV.

IV. DISCUSSION

The slow decrease in AE,. with time after initia! interface
formation observed in these (110) and (100) oriented sam-
ples is consistent with the time variation after growth pre-
viously reported’ for several GaAs-Ge (110) heterojunc-
tion samples. 1f these other results are also ccnsidered, the
sample-to-sample initial (obtained shortly after growth,
t~0) values of AE, lie between ~0.45-0.50 eV. The value
of AE, then decreases over a period of tens of hours to a
room temperature equilibrium value, which is sample de-
pendent, of AE, = ~0.20-0.35 eV (this range includes the
results in Ref. 7). This apparently general time dependent
behavior of AE, (GaAs-Ge) in the period following growth.
independent of specific crystallographic orientation, is in
sharp contrast ta the stable in ume behavior of A£, for the
reverse grown interface.

The present results show that vacuum aunealing the
GaAs-Ge interface uat the growth temperature for 10-30
mnucreases AE, 1o ~0.56 ¢V, the value for the (110) and
(100) Ge-GaAs interfaces (for too brief an anueal. how-
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ever, the increase is only partial, as the data point in Fig. 4
between intervals I and 11 illustrates). The time behavior of
AE, subsequent to a vacuum anneal depends on anneal time.
For an anneal time within a certain range, AE, afterwards
decreases to approximately the preanneal equilibrium value
on a time scale of tens of hours, as, for example, over interval
I1in Fig. 3. If the anneal is longer than a certain time (which
seems to be sample dependent) AE, exhibits only a small
~0.05-0.1 eV decrease with time, as over intervals 11 and IV
in Fig. 4 and interval Il in Fig. 5; in these cases AE, does not
recycle to the preanneal equilibrium value. This noncyclical
nature of AE, after an extended anneal suggests that a mo-
bile, and perhaps volatile, species such as As may be in-
volved.

Exposure of a sample to an As flux during an anneal
causes a large difference in the subsequent initial value and
time behavior of AE, in comparison to the vacuum anneal
result. The effect of As is clearly demonstrated in Fig. 4
[(110) interface] with intervals III and V, where each be-
gins after an As anneal. The initial AE,, values of these inter-
vals are about the same as for £ ~0 and each end point equi-
libriumn value is close to the equilibrium value at the end
point of interval I. In addition, the ~0.1 eV drop in AE, at
the II-111 and IV-V interval boundaries also results from an
As anneal. The same type of result was obtained with the
(100) interface, as demonstrated in Fig. 5 at the II-1II
boundary and over interval I11. In other words, a combina-
tion of vacuum and Asanneals resultsina AE, cycleof > 0.2
eV for both (110) and (100) interfaces. Reproducing the
temperature and the As overpressure conditions present at
the GaAs growth restores AE, to about the t~0 value.

The observed AE, (GaAs-Ge) changes are caused by cor-
responding changes in an electrostatic dipole layer that is
oriented across the heterojunction interface such that the
positive charge is toward the Ge. The absence of linewidth
broadening of the XPS core level peaks for larzs AE,
changes indicates that this dipole is localized over very few
atomic planes at the interface (the linewidth constancy also
means that the interfaces have remained compositionally
abrupt after annealing). Since AE, was shown to be in-
fluenced by > 0.2 eV as a result of As exposure during an-
nealing, it reasonably follows that As has a role in the vari-
ation of this interface electrostatic dipole. The localized na-
ture of the dipole implies that such electrically active As is
also localized at the heterojunction interface. The cyclic na-
ture of AE, may thus be due to mobile As that moves to and
from the interface asa functicn of time and temperature. The
long time consiant associated with the room temperature
variation in AE, is suggestive of such atomic motion.

A tendency for creation of antiphase disorder is a distinc-
tive feature of GaAs-Ge interface structure'™"* that is ab-
sent in Ge-GaAs interface structure [antiphase domains
have been directly observed for the (100) interface'*'*).
The AFE, (GaAs-Ge) vanations that occur as a function of
time, 1emperature, and As exposure thus appear to derive
from a mechanism thai requires the presence of interface
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antiphase domain boundaries. Switching of Ge and As
atoms at interface antiphase boundaries may be energetical-
ly favored’; it is therefore possible that such exchanges pro-
vide sites related to interface dipole formation in association
with mobile As in the GaAs. The sample-to-sample range in

E, (and interface dipole) change may thus be related toa
variation in the amount of antiphase disorder that could re-
sult from small departures in the exact interface preparation
conditions. v

V. SUMMARY

The AE, of (110) and (100) oriented heterojunctions
made by MBE growth of GaAs onto Ge decreases substan-
tially with time after interface formation (on a scale of tens
of hours). The final room temperature vilue of AE, (GaAs-
Ge)is >0.2¢eV tower than the ~0.56 eV value for the stable
(reverse grown) Ge—GaAs interface. Annealing in vacuum
at the GaAs growth temperature increases AE, (GaAs-Ge)
to approximately the Ge-GaAs value. By controlling anneal
duration and accompanying As overpressure, AE, (GaAs-
Ge) is found to cycle > 0.2 eV with time. This variationinan
interface electrostatic dipole is apparently related to a vari-
able amount of electrically active As (i.e., As that partici-
pates in dipole formation) that is located at the heterojunc-
tion interface. The detailed mechanism involved in creation
of this variable interface dipole most likely requires the pres-
ence of the antiphase disorder that is expected for hetero-
junctions formed by growth of GaAs on Ge.
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The valence band discontinuity AE, for the AlAs grown on GaAs (AlAs-GaAs) heterojunction
interface is compared to the corresponding AE, for the GaAs grown on AlAs interface (GaAs~
AlAs) for both (100) and (110) crystallographic orientations by using x-ray photoemission
spectroscopy (XPS). Molecular-beam epitaxy within the XPS system was used to prepare the
samples. The XPS method has the feature that AE, differences are measured more accurately
than the corresponding absolute magnitudes. For the (100) interface, the value of AE, (AlAs-
GaAs) is 0.10 5- 0.02 eV larger than AE, (GaAs-AlAs). For the (110) interface, AE, (AlAs-
GaAs) is 0.13 4 0.04 eV larger than AE, (GaAs-AlAs). The average discontinuity magnitudes
are: AE, (AlAs—GaAs) o0y =046 eV, AE, (GaAs-AlAs) o, =0.36 eV; AE, (AlAs-
GaAs) 0y = 0.55 eV; and AE, (GaAs-AlAs) 0, = 0.42 eV. Thus, both a growth sequence
effect and an orientation dependence have been found to be intrinsic characteristics of the (100)
and (110) AlAs/GaAs heterojunction interfaces. As a consequence, there is an inherent
asymmetry in the potential wells associated with AlAs/GaAs quantum well and superlattice

Effect of growth sequence on the band discontinuities at AlAs/GaAs (100)
and (110) heterojunction interfaces

structures.

L. INTRODUCTION

The many interesting electrical and optical properties of
semiconductor structures based on the AlGaAs/GaAs
heterojunction system derive principally from the interface
valence band discontinuity AE, and conduction band dis-
continuity AE, that arise from the band-gap difference AE,
of the two materials. For this reason there have been a large
number of measurements of these band discontinuities by a
diverse set of experimental techniques on samples prepared
under different conditions.! The results of these measure-
ments, which span the Al, Ga, _, As solid solution range,
are often not in full agreement. The extent to which AE, (or,
equivalently, AE, ) is an intrinsic quantity that is indepen-
dent of the circumstances of interface formation is thus an
important consideration. Growth sequence is a basic feature
of interface formation. An early observation? of a sizable
growth sequence dependence for the band discontinuities of
AlAs/GaAs (110) oriented interfaces that was measured by
XPS (x-ray photoemission spectroscopy) has been ques-
tioned because of a later report® of growth problems that can
be encountered with molecular-beam epitaxy (MBE) on the
(110) surface. Subsequent investigations of the AlGaAs/
GaAs (100) interface have reported the absence of a growth
sequence effect.**

Inthis paper we use XPS to compare the AE, a: the AlAs-
GaAsinterface to the AE, at the GaAs-AlAs interface for a
large number of (100) and (110) samples (we use AlAs/
GaAs to refer to the heterojunction pair without regard to
growth order while AlAs-GaAs decignates AlAs grown on
GaAs and GaAs-AlAs designates GaAs grown on AlAs).
The interfaces were formed by MBE within the ultrahigh
vacuum preparation chamber of the XPS system. The results
show that AE, has a consistent and significant growth se-
quence dependence for both the (100) and (110) interfaces.
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Il. EXPERIMENT
A. Sample preparation

Figure 1(a) shows the structure of the GaAs~AlAs sam-
ples (left-hand side) and the AlAs-GaAs samples (right-

% 4
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F1G. 1. (2) Structure of the GaAs-AlAs (lefi-hand side) and AlAs-GaAs
(right-hand side) heterojuncuion samples (b) Representative XPS binding
energy specira of a GaAs-AlAs (100) sample (spectrum a) and g AlAs-
GaAs (100) sample (specirum b) n the region of the Al2p. Gald. and
Asld core levels
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hand side). The substrate is a ~10X 10 mm piece of bulk
Gass wafer, either (100) or (110) orientation, that is
etched for ~30 s in 4:1:1 H,S0,:H,0,:H,O to remove
polishing damage, quenched, dried with N,, mounted on a
Mo plate with In, and immediately put into the x-ray photoe-
mission spectroscopy (XPS) system preparation chamber
(base pressure ~2X 10~'° Torr). The ~ 10 A native oxide
is removed by momentary heating to the minimum neces-
sary temperature, nominally ~550°C. The resultant clean
surface has no O or C detectable by XPS and exhibits a char-
acteristic low-energy electron diffraction (LEED) pattern.

Allthe GaAsand AlAsepitaxial layers were grown within
a few degrees of the GaAs native oxide removal temperature
ata ~0.3-0.6 A/s rate. The As, source, which was located
~2 cm from the sample, was a miniature quartz oven filled
with elemental As; the Ga and Al were evaporated from W
baskets. The As, overpressure during growth was ~3-
5% 10~ Torr, for an As, to cation ratio of > 12. A ~50-A
GaAs buffer layer was first grown, followed either by a ~ 30-
A-AlAs top layer (AlAs-GaAs samples) or by a ~ 100-A-
AlAs intermediate layer and a ~25-A-GaAs top layer
(GaAs-AlAssamples). Layer epitaxy was confirmed by ob-
servation of a characteristic LEED pattern. Interface
abruptness was assured by alterna‘ activation of the Ga and
Alsources. Fifteen heterojunction s2amples were prepared by
individual MBE growths, four each for the AlAs—-GaAs
(100), GaAs-AlAs (100), and GaAs-AlAs (110) inter-
faces and three for the AlAs-GaAs (110) interface.

B. XPS measurement of AE,,

The HP5950A angle-resolved electron spectrometer sys-
tem used has a v = 1486.6-eV-monochromatic Al Ka x-ray
source. The effective photoelectron escape depth, 4, for the
photoelectron kinetic energies analyzed and the 2mission an-
gleemployed is ~ 16 A. Thus, for these heterojunction sam-
plesin which the interface of interest is at a distance compar-
able to 4 from the surface, photoelectrons that originate
from each side of this interface [Fig. 1(a)] will be observed
in the same XPS spectrum. For example, Fig. 1(b) shows
representative XPS spectra for a GaAs~-AlAs (100) sample
(spectruma) and a AlAs-GaAs (100) sample (spectrum b)
over a binding energy range that contains the GaAs Ga3d
and As3d core level peaks and the AlAs Al2p and As3d
peaks.

Figure 2(a) is a schematic ¢nergy band diagram at the
interface region of the AlAs/GaAs heterojunction, where
E, and E, are the conduction band minimum and valence
band maximum, respectively, and AE

= (EA — E33%2) is the binding energy difference across

the interface between the Al2p core level inthe AlAs and the
Gald core level in the GaAs. The (EA) — EA'**) and
(ES¥s — E®***) terms, which are core level to valence
band maximum binding energy differences, are oulk con-
stants characienistic of the pure materials. By inspection of
Fig. 2(a):

AE, = AEq + (EQHS — ES™) — (EAly ~ ENW).
nH
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FIG. 2. (a) Schematic energy band diagram of 1he AlAs/GaAs interface.
(b) Measurement of AE ¢, = (E A — EZ230) [data from spectrum b in
Fig. 1(b)].

Hence, of the three quantities needed to determine AE, only
AE ¢ is characteristic of the heterojunction. Additional de-
tails 2bout the XPS measurement method can be found else-
where.® As discussed in the Appendix, (E 3%} — ES*A)
= 18.75 4+ 0.03 eV has been previously measured for GaAs
while the raeasurement of (£ 4}5; — E2'**) = 72.70 + 0.04
eV for AlAs is described below. Thus, from Eq. (1),

AE, = AEc, —53.95¢V. (2)

This relation between AE, and AE o, means that differences
measured in AE ., among samples give directly the relative
differences in AE, [i.e.,8(AE,) =8(AE ).

The precision measurement of AE ¢, = (E 415 — ES3)
isillustrated in Fig. 2(b), which in this example is the AlAs-
GaAs spectrum b data in Fig. 1(b). A background function
that is proportional to the integrated peak intensity is sub-
tracted from each core level peak (the Al peak also has a
small plasmon loss contribution removed before the back-
ground subtraction). The peak energy is measured at the
half-width point at half-height. The peak width and height
are determined consistently by a computerized algorithm in
which a third order least squares fit is made to segments at
the sides and top of the discrete peak data. With this proce-
dure the AE -, measurement uncertainty for these AIAs/
GaAs interfaces is estimated to be + 0.02 eV. Thus, al-
though the uncertainty in the absolute AE,. measurements is

+ 0.05 eV because the uncertainties in the (E., — E, ) val-
ues dominate, the relative sample-to-sample changes in AE,.
are measured to + 0.02eV.

For each AlAs/GaAs sample a spectrum such as in Fig.
1(b) was obtained by repeatedly scanning a 0-100 eV bind-
ing energy window for ~24-48 h. Possible surface oxygen
buildup was monitored by XPS and was found 10 range from
~0-0.5 monolayers (ML), being typically greater on the
AlAs surfaces.
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C. Measurement of (Exl3; —£7'%)

The inset in Fig. 3 is a representative — 10t0 90 eV bind-
ing energy spectrum from a ~ 100 A AlAs (100) epitaxial
layer grown within the (PS system onto a GaAs substrate
under MBE conditions similar to those of the heterojunction
samples. Four separate such (100) samples and one (110)
sample were prepared. The position of E, was found by a
procedure previously described.” In brief, a theoretical va-
lence band density of states (VBDOS) for the semiconduc-
tor, on an energy scale where E. =0 eV, is broadened by
convolution with the experimentally determined XPS reso-
lution function. The broadened theoretical VBDOS func-
tion, with E, remaining at zero energy, is least squares fitted
to the experimental points in the XPS VBDOS spectrum
near E, to thus transfer the position of E, from the theoreti-
cal function to the XPS data. Because an appropriate theo-
retical AlAs VBDOS was unavailable, a nonlocal pseudopo-
tential GaAs VBDOS" was used instead. This substitution is
reasonable because the XPS valence band data near E, for
AlAs and GaAs, shown in Fig. 4 with normalized intensity
and superimposed on the same energy scale, were found to
have closely matched shapes. This match thus indicates that
near E, the theoretical VBDOS for GaAs is similar enough
to that of AlAs for the present purpose. Figure 3 shows the
good fit between the broadened theoretical VBDOS function
(line) and the XPS valence band data from the inset
(points), plotted on an energy scaie were E, = 0 eV. The fit
is over an interval that terminates at an energy E,,,, below
E, (inthisinstance E_,, = ~1¢V).

Figure 5 gives the results of the valence band fitting proce-
dure for the four (100) samples (upper panel) and the (110)
sample (lower panel) in terms of the As3d core level to va-
lence band maximum binding energy (E &% — EA™) vs
E,,.. The error bar at each data point indicates the 95%
confidence interval of the fit. The (100) fits are relatively
independent of E,,, and the average value for
(EQ%: — EA%) i540.16 eV with an estimated uncertainty
of 4+ 0.04¢V. The (110) result, however, shows a dispersion
inthe (E4% — EAMA) vs E, ., plot which indicates a com-
plication that can be encountered when using this method,
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most likely from surface state effects that influence the shape
of the XPS data. No unique (E 443 — E>**) value can be
obtained from the analysis in this instance.

The Al2p core level to As3d core level binding energy
difference (E Q)% — EA) in each AlAs spectrum was
measured by using the same procedure described for AE¢ .
The average (E 4155 — E A\4) for the four (100) samples is
32.54 £0.01 eV. Thus, (E4) — EN*) =40.16 + 32.54
eV =72.70 +0.04 eV.

ill. RESULTS
A. Growth sequence dependence of AE,

The AE . values for the 15 AlAs/GaAs interfaces inves-
tigated are givenin Table I. The average AE -, value foreach
growth direction and orientation is also listed. Based on
these averages, the S(AE,) column shows the relative
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TaBLEL AE = (EXl) — E&:4)) values for (100) and (110) oriented
AlAs-GaAs and GaAs-AlAs helerojunclion inlerfaces.

Inierface Sample AEc (eV)" 8(AE,) (eV)

AlAs-GaAs (100) 54.39
5441
54.41
54.42

avg = 54.41 0.00

an o

GaAs-AlAs (100) 54.30
54.30
5433

54.29

o0 ™0

avg = 54.31 -0.10

AlAs-GaAs (110) i 54.50
54.51
54.50

o -

avg = 54.50 +0.09

GaAs-AlAs (110) 54.31
5441
54.39

54.38

© g —

avg = 54.37 -0.04

* 4 0.02 measuremenl uncertainly.

change in AE,, referenced to the AlAs-GaAs (100) inter-
face, for each type of AlAs/GaAs interface.

For the (100) interface AE, (GaAs—-AlAs) is0.10 + 0.02
eV < AE, (AlAs-GaAs). In each growth direction, samples
a—d and e-h, respectively, the individual AE ., values agree
to within the measurement uncertainty.

Forthe (110) interface AE, (GaAs-AlAs)is0.13 + 0.04
eV <AE, (AlAs-GaAs). The standard deviation for this
difference is large owing to the spread in AE ¢, values for the
GaAs-AlAsinterface (samples 1-0), due principally to sam-
ple 1 being 0.06 eV below the average (samples m-o are in
good agreement). The AE ., values for the AlAs-GaAs in-
terface agree to within the measurenent uncertainty.

Comparison of the (100) and (110) average AE ., values
indicates an orientation dependence of AE, in addition to
the growth sequence effect. For the AlAs-GaAs interfaces
AE,(110) is 0.09 eV > AE, (100). For the GaAs-AlAs in-
terfaces AE, (110) is 0.06 eV > AE, (100).

The linewidths of the Al2p and the Ga3d core level peak
data were intercompared to assess if chemically shifted peak
components could be affecting the AE -, measurements.
Theaverage A12plinewidth and average Ga3d linewidth val-
ues associated with the average AE o, measured for each
growth direction a1 the (100) interfaces were in agreement
to + 0.01 eV, respectively. Similarly, for the (110) orienied
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interfaces the average Ga3d linewidth was in + 0.01 eV
agreement for each growth direction. The Al2p linewidth
values for the AlAs-GaAs (110) interfaces were, however,
0.06-0.13 eV larger than the average value for the reverse
growth direction. The origin of this linewidth difference at
the (110) interfaces is uncertain but there was no correlation
between the Al2p linewidth variation and the AlAs-GaAs
(110) AF o values.®

B. AlAs/GaAs AE, values

The absolute values for AE, that result from substitution
of the average AE , value (TableI) for each type of AlAs/
GaAs interface into Eq. (2) are listed in Table II. As dis-
cussed in Sec. II B, the estimated uncertainty in the magni-
tude of these values is + 0.05 eV while the uncertainty of
their differencesis + 0.02 eV.

V. DISCUSSION

The present results are different from the previous AlAs/
GaAs (110) XPS data,’ where AE, (GaAs-AlAs) was 0.25
eV > AE, (AlAs-GaAs). Although the growth sequence ef-
fect is observed, as Table I indicates, the (110) AE, differ-
ence in the new data is one-half the magnitude and of oppo-
site sign. Between the two experiments there is, however, a
significant departure in sample structure and growth condi-
tions. The previous (110) samples had a ~ 5000 A GaAs
buffer layer grown ata ~3 A/srate compared toa ~ 50-A-
GaAs buffer layer grown at 0.3-0.6 A/s. The AlAs interme-
diate layers in the previous GaAs-AlAs samples were
~1000 A thick comparedto ~ 100 A presently. The growth
temperature and AlAs growth rate were comparable. It has
been reported® that GaAs growth on the (110) surface at
~3 A/s with an As,/Ga flux ratio of ~ 1.5 results in mor-
phological irregularities for layer thickness > 700 A (similar
problems were also seen for AlGaAs growth). Our present
samples were thus grown 10 times more slowly, with sub-
stantially thinner layers, and at 10 times the As,/cation ra-
tio, compared to the conditions for the reported (110)
growth instabilities. The present samples were therefore
grown under circumstances that should favor formation of
more ideal interfaces. We thus ascribe the disparate
AE, (110) results toan interface difference, the exact nature
and extent of which is undetermined, caused by dissimilar
growth conditions.

The absolute (110) AE, values for the two experiments
can be compared by substitution of the previous (Ref. 2
average AE - values of 54.25 and 54.50 eV for AlAs-GaAs

TasLE 1L AE, for (100) and (110) onented AlAs- (aAsand GaAs-AlAs
heterojunctions.

tnierface AE (¢V)
AlAN-GaAs (100) 040
GaAs-AlAs (100) 030
AlA-GaAs (110) [UBN
GaAs-AlAs (110) 0432
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and GaAs-AlAs, respectively, into Eq. (2) [this makes use
of refined (E¢. — E,) values]. The result is AE, (AlAs-
GaAs) =0.30 eV and AE, (GaAs-AlAs) = 0.55 eV, com-
pared to the corresponding present values of 0.55 and 0.42
eV, respectively. Hence, growth parameters appear to
strongly influence AE, for (110) oriented AlAs/GaAs in-
terfaces and can cause up to a ~0.2 ¢V AE, variation. The
0.10 eV range for AE, (GaAs-AlAs) (1,0, shown in Table 1
‘suggests that this interface is unusually sensitive to prepara-
tion conditions.

The AE, at the AlAs-GaAs (100) and (110) interfaces
differ by 0.09 ¢V. On the other hand, from a charge transfer
analysis Wang et al.'’ deduced that AE, ‘was the same at
Aly26Gag . As-GaAs (100) and (311) interfaces. These
contrary results indicate that a comparison of two interface
orientations may not always show a AE, difference. The
case in which no difference is found can indicate either the
absence of an effect or that the effect is the same for each
orientation.

A prior XPS experiment that measured the Al2p to Ga3d
binding energy difference for AlAs-GaAs and GaAs-AlAs
(100) interfaces has been reported.* To within the quoted
experimental error ( + 0.05 eV) no growth sequence effect
was observed. The origin of the disagreement between these
and the present XPS d. ta is unknown.

Of the other techniques to determine AE,, some recent
electrical measurements that involve single Al, Ga, _, As/
GaAs (100) interfaces provide an appropriate comparison
to the XPS (100) results. By use of the charge transfer tech-
nique Wang and Stern'' measured AE, (AlAs-
GaAs) = 0.45 4+ 0.05 eV, which is in agreement with our
measurement. The available electrical data perhaps most rel-
evant to the growth sequence effect involves C-V profiling
through interfaces in the x <0.45 Al, Ga, _, As direct band
gap regime. To simply relate the C-V derived data to the
XPS data it will be assumed that the growth sequence differ-
ence between the AlAs-GaAs and GaAs-AlAs interfaces is
linear in x, which for the (100) orientation gives
8(AE,)(x) = — 100x meV [sign convention as in Table 1,
AE, (AlGaAs-GaAs) > AE, (GaAs-AlGaAs)]. This is
reasonable in view of the evidence that A£, appears to be
linear in x over the entire alloy composition range.'?

The C-V data of Watanabe ef al.,* from which a AE, /
AE, = 62/38 ratio was found based on Al,Ga,_ As-
GaA:s interfaces, includes three samples with x = 0.3 where
AE, was measured (~ + 10 meV uncertainty). Two of
these samples were the Al, Ga, _, As-GaAs interface and
one was the GaAs-Al, Ga, _, As interface. The present
XPS data predicts a AE, difference of — 30 meV atx = 0.3,
or, thus, a AE, difference of + 30 meV [AE, (GaAs-
AlGaAs) > AE, (AlGaAs-GaAs)] between these 1wo
types of interface. 1t is noteworthy that the C-¥ result for
AE, (GaAs-AlGaAs) was 250 meV, which is larger than
the value found in both the other two samples, whose aver-
age for AE, (A1GaAs-GaAs) was 230 meV. The sign and
approximate magnitude of the difference are thus consistent
with the XPS prediction, although the C-} measurement
uncertainty does not permit a decisive comparison.

In another C-¥ profiling experiment, Ohumura ¢! al"!
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measured AE, ( + 10 meV uncertainty) for a series of
GaAs-Al, Ga, _, As interfaces for x up t0 0.42 and founc a
AE./AE, = 67/33 ratio. The XPS results thus indicate that
when such small but persistent differences in AE,./AE, ra-
tios exist between experiments that feature interfaces with
opposite growth directions the influence of a growth se-
quence effect should be considered.

The ratio of the growth sequence effect magnitude to AE,
is ~20%; the corresponding ratio for AE, is thus ~10%.
There is, consequently, an intrinsic asymmetry in thc poten-
tial well structure of AlAs/GaAs quantum well and super-
lattice structures. This asymmetry, which is a factor of ~2
larger in the valence bands than the conduciion bands, mey
have to be incorporated into refined models of the optica’
properties and the perpendicular electrical transport related
to these structures. The interface electrostatic dipole vari-
ation that gives rise to the growth sequence effect will prob-
ably be difficult to accommodate in the models that predict
heterojunction btand discontinuities until more is known
about the microscopic detail that distinguishes the AlAs-
GaAs and GaAs-AlAs (100) and (110) interfaces.
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APPENDIX: XPSMEASURED (€., —£,) VALUESFOR
SEVERAL SEMICONDUCTORS

As referenced in Table 111 below, certain core level to va-
lence band binding energies in several semiconductors, in-
cluding GaAs, have been measured by using the method de-
scribed in Ref. 7 to analyze XPS valence band data near E,..
An error in a computer program that was involved in these
data analyses has been discovered which requires that a
small, either — 0.04 or — 0.05 eV, systematic correction be
made to the previously reported (E. — E.) values. The
corrected values are given in Table 111, where the entries
labeled XPS are measured directly while the entries labeled
bulk have been adjusted to remove tlie effect of surface
chemical shifts.

TABLE 11} Corrected (E, — E,) values for several semiconductors

Core (Eov ~ E )" (Ear = E )on®

Semiconductor level (eV) (eV) Refer.
ence

GaAs (110) Gald 18.78 1875 7
As3d 40 70 4074

Ge (110) Gedd 29 52 2952 7

ZnSe (110) Zn3d 8 86 14

InAs (100) Indd 17.38 15
A 40 72

CdTe (111) Casd 1024 16

HgTe (111) Hgsd, . 7 66" lo

* 4 003 eV uncertanny
"+ 004 eV uncertanny
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Itis shown that accurate x-ray photoemission spectroscopy values of the valence band offsets AE,
for Ge/GaAs(110), GaAs/ZnSe(110), and Ge/ZnSe(110) vary linearly with the minimum
band-gap difference and obey the simple scaling relation, AE, /AE, (min) = 3/4. This empirical
observation is compared with the predictions of current theories of heterojunction band lineups
and the results are discussed. A theory relating average bulk crystal Hamiltonians to band offsets
is developed and this theory is used to calculate band lineups in the tight-binding limit. It is shown
that if only interactions between s and p orbitals on adjacent nearest-neighbor atoms are
considered, the band lineups coincide with those predicted by Harrison and Tersoff [J. Vac. Sci.
Technol. B 4, 1068 (1986} ]. Since the latter do not satisfy the experimentally observed scaling
relation, it is concluded that second nearest-neighbor contributions to AE, are important in the

tight-binding limit.

1. INTRODUCTION

Semiconductor heterojunctions are formed from elements of
the Periodic Table contained in a region ( Table I} composed
of 4 rows and 5 columns. Compounds consisting of elements
belonging to the same row form lattice-matched heterojunc-
tions.

High precision experimental band offset measurements'
for Ge row heterojunctions Ge/GaAs(110), GaAs/
ZnSe(110), and Ge/ZnSe(110) show a remarkably con-
stant ratio of valence band offset to minimum energy band-
gap difference (Table II).

It would be interesting to know if a linear trend between
valence band offset and minimum energy band-gap differ-
ence is theoretically predicted and if similar linear trends
also hold for silicon and tin row heterojunctions. Unfortu-
nately, the experimental band offset data needed to test this
relationship for the silicon and tin rows are not yet available.
The linear dependence equation (1) of valence band offset
on band-gap difference observed for lattice-matched Ge row
heterojunctions:

AE, /AE, = constant (1)

provides a stringent test of current heterojunction band off-
set theories.

Il. COMPARISON OF EXPERIMENT WITH
HETEROJUNCTION BAND OFFSET THEORIES

The comparison of experimentally measured and theoreti-
cally predicted heterojunction band offsets is complicated by

TaBLE 1. Compounds formed from clements belonging 10 1he same row of
the Penodic Table form nearly lattice-maicked heternjunctions. Lattice-
matched heterojunclions can also be formed from elements belonging to
different rows, as for example, AlAs/GaAs.

Mg Al S P )
Zn Ga Ge As Se
Cd In Sn Sb Te
Hg T Pb B Po
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0.1-0.2 eV uncertainties in the theoretical band offsets.
Within an uncertainty of + 0.2 eV most current band offset
theories are in reasonable accord with experiment. Since an
order of magnitude improvement in the precision of predict-
ed band offsets is unlikely, regularities, such as those in Ta-
ble II, can provide additional useful comparisons of theory
and experiment. Table III compares room temperature ex-
perimental values'? of the ratioin Eq. (1) with theoretically
predicted valence band offsets divided by (room tempera-
ture) minimum experimental band-gap differences.

The self-consistent local pseudopotential calculations of
Frensley® and Kroemer [FK(76)}* using pure Slater ex-
change are almost in exact agreement with experiment.
While this may be fortuitous, their later calculations
[FK(77)],° using generalized Slater Xa exchange with
a = 0.8 (to improve the accuracy in fitting band gaps) de-
finitely do not agree as well. In the column of Table III la-
beled SCPP the self-consistent pseudopotential calculations
of Pickett and Cohen for Ge-ZnSe(110)® and similar calcu-
lations by Pickett, Louie, and Cohen for Ge/GaAs(110)’
are compared with experiment. Unlike the work of Frensley
and Kroemer, these calculations do not require the average
interstitial potential to remain continuous across the inter-
face. They predict that the potential [averaged parallel to
the (110) interface] increases by 0.25 eV going from Ge to

TasLE I1. Experimental Ge row band offsets (Ref. 1) at 300 K vs differ-
ences in minimum (300 K) band gaps. { The band offsets for these hetero-
junclions are transitive within experimental uncertainty (Ref. 2.)] The
minimum bandgaps of Ge, GaAs, and ZnSe a1 300K are 0.66, 1.43,and 2.67
eV, respectively. At 20 K these increase 100.77, 1.52, and 2.81 eV, respec-
lively.

Heterojunction AE, (eV) AE, (mn) AE, /AE,

Ge-GaAs(110) 0.56 + 0.04 0.77 0.73 + 0.08
ZnSe--GaAs(110) 094 + 0.04 1.24 0.76 + 0.03
Ge-ZnSe(110) 1.53 + 0.04 2.01 0.76 + 0.02
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TaBLE IIL Experimental values (Refs. 1 and 2) of AE,/AE, (min) at 300 K compared to the predictions of several theories discussed in the text.

Heterojunction Experiment FK(76) FK(77) SCPP LCAO(77) LCAO(81) LCAO(&6) Tersoff(86) RC(86) EAR
Ge-GaAs(110) 0.73 0.78 0.92 0.45 0.53 0.87 C.86 0.42 0.66 0.92
GaAs-ZnSe(1106) 0.76 0.75 0.89 1.61 0.85 1.14 1.09 0.97 0.77 0.98
Ge-ZnSe(110) 0.76 0.76 0.90 1.61 0.73 1.04 1.00 0.76 0.78 0.98

ZnSe® and by the same amount, 0.25 eV, going from GaAs
to Ge.’

The next two columns of Table III use the Ge row band
offsets predicted by Harrison’s tight binding theoty linear
combination of atomic orbitals [LCAO(77)}® and
LCAO(81)° based on Herman-Skillman and Hartree-
Fock atomic term values, respectively.!® More recently,
Harrison and Tersoff have concluded that interface dipoles
play a crucial role in determining band lineups'' and have
shown that self-consistent lineups can be obtained, approxi-
mately, by aligning the average sp® hybrid energy in the re-
spective semiconductors. Their Ge row predictions'' divid-
ed by the corresponding differences in minimum energy gap
are contained in the LCAO(86) column. These predictions
correspond to the limit of strong screening of the hybrid
energy difference as opposed to the natural band lineups,
LCAO(77) and LCAO(81) obtained by omitting screening
of the hybrid energy difference.

Tersoff obtains heterojunction band offsets by aligning an
energy Ej in the forbidden gap of each semiconductor.'?!*
Ej, is chosen so that states higher in the gap are of primarily
conduction-band character, while states lower in energy are
of primarily valence-band character. The Ge row band off-
sets predicted this way and divided by the corresponding
minimum energy gap differences appear under Ter-
soff(86)' in Table III. It should be pointed out that to im-
prove agreement with Schottky barrier height data on
GaAs,'* Tersoff decreased his original value of E; for GaAs
from 0.70 eV'? 100.50 eV'*'* by fitting the L and X minima
correctly rather than the I' minimum and by including the
effect of spin-orbit splitting. Although this improved the
agreement with GaAs Schottky barrier data,'* the band off-
set predictions for the Ge row are unfavorably affected as
Table III shows. The original value of E; (GaAs) = 0.70
eV'? predicts an 0.52 eV valence band offset for Ge/GaAs
and a valence band offset of 1.00 eV for GaAs/ZnSe. These
accord better with the experimental values in Table II than
the predictions of 0.32 and 1.20 eV, respectively, based on
Ey(GaAs) =0.50 V.3

Most recently Ruan and Ching have modeled corrections
to heterojunction band offsets due to the formation of an
effective