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Disruption, atom distributions, and energy levels for Ge/GaAs(110), Ge/InP(110),
and Ge/InSb(110) heterojunctions
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We report a detailed room-temperature synchrotron-radiation photoemission study of Ge over-
layer growth on n-type GaAs(110), InP(110), and InSb(110) in order to correlate changes in bonding
configurations and atom distribution with the movement of the Fermi level in the substrate band

gap and the evolution of the electronic properties of the Ge overlayer. For Ge/GaAs(110), the in-
terface is abrupt, but substrate core-level line-shape analysis indicates changes in the boundary layer
and unique interface bonding configurations. Ge adatoms induce substrate disruption for InP(110)
and InSb(110), and there are coverage-dependent morphology changes as atoms dissociated from
the substrate redistribute themselves in the thickening Ge overlayer. In atoms segregate to the Ge
surface but exhibit no tendency to form clusters; P atoms remain near the buried Ge/InP interface;
and Sb atoms are expelled to the overlayer surface. The deposition of Ge on GaAs and InP causes
the Fermi level to move toward midgap at low coverage, but then move back toward the conduction
band. The reversal in direction correlates well with changes in substrate core-level line shapes.
Low-temperature studies of Ge/n-type GaAs did not show this reversal, but the final position of EF
in the gap was the same. The fully developed valence-band discontinuities were 0.73, 1.03, and 0.12
eV for amorphous Ge/GaAs(110), Ge/InP(110), and Ge/InSb(110) heterojunctions, respectively.

INTRODUCTION

Interfaces have come under increased scrutiny, in part
because they exhibit unique structural, electronic, and
chemical properties. For semiconductor heterojunctions,
the fact that the two semiconductors have different ener-

gy gaps results in valence and conduction-band discon-
tinuities. In turn, these offsets play a crucial role in the
electrical properties of the heterojunction, ' and they
can be used in the design of solid-state electronic devices.
Despite significant advances of the past few years, many
fundamental questions remain.

Most theoretical treatments of heterojunction band
lineups have assumed abrupt, lattice-matched interfaces.
Likewise, most assume that there is an absolute energy
associated with each semiconductor so that the band
offsets reflect differences in those energies. Experimental-
ly, however, it has been observed that the electrical prop-
erties can be related to the chemical and geometric struc-
ture at the interface and can be dictated by deviations
from perfection. ' ' In particular, band offsets can de-
pend on such variables as substrate orientation, overlayer
crystallinity, the order of deposition, and interdiffusion or
reactivity. In such cases, there is no unique value for the
lineup and experiments must therefore provide better in-
sight into structure-property correlations for heterojunc-
tions.

In this paper, we present synchrotron-radiation photo-
emission studies of room-temperature Ge overlayer
growth on n-type GaAs(110), InP(110), and InSb(110).
These results show that adatoms of Ge induce changes
which can be readily observed by high-resolution core-
level photoemission. For InP(110) and InSb(110), we

show that there is substrate disruption and the release of
In, P, and Sb. The coverage-dependent atom distribu-
tions for these released atoms reQect segregation of In
and Sb and the retention of P near the buried interface.
In no case is there evidence for cluster formation of the
released atoms. With these results we can correlate the
electronic configuration of the interface refiected in the
coverage-dependent position of the Fermi level in the
band gap. In particular, we observe an interesting move-
ment of EF toward midgap for low coverage but then a
reversal which is associated with changes in the atom
profiles (for InP) and interface bonding configurations
(for GaAs). At high coverage, the valence-band offset is
0.73 eV for Ge/GaAs, 1.03 eV for Ge/InP, and 0.12 eV
for Ge/InSb.

EXPERIMENT

Photoemission experiments were done at the Aladdin
electron storage ring at the Wisconsin Synchrotron Radi-
ation Center using the Mark V and Mark II Grasshopper
monochromators and beamlines. Electrons were energy
analyzed with a commercial double-pass cylindrical mir-
ror analyzer. The total experimental resolution (mono-
chromator plus analyzer) was -200 meV for the In 4d,
Ga 3d, As 3d, and Sb 4d core levels, -400 meV for the P
2p core levels, and —300 meV for the valence bands.
With synchrotron radiation, it was possible to adjust the
kinetic energy of the photoelectrons so as to vary the sur-
face sensitivity of the measurements. ' In these studies,
we used two different photon energies to investigate the
evolving interfaces with two different probe depths. Ex-
perirnental escape depths were calculated to be -4 A for
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the surface-sensitive measurements and 7—12 A for those
with higher bulk sensitivity.

Posts of GaAs, InP, and InSb were cleaved in situ. The
quality of each cleave was judged visually and by inspec-
tion of the core levels and valence-band spectra. InP was
Sn doped at 4 X 10' cm, GaAs was Si doped at 2 X 10'
cm, and InSb was Te doped at 4X10' cm . Ge was
evaporated from resistively heated tungsten boats at pres-
sures & 4 X 10' Torr in a system with an operating pres-
sure of 8 X 10 " Torr. Evaporation rates were —1
0
A/min, and the source to sample distance was —35 cm.
Overlayer depositions were monitored by an oscillating
quartz crystal. The amount of deposited Ge is expressed
in units of angstroms. Conversion from angstroms to
monolayers yields 0.5 ML/A for GaAs(110), 0.54 ML/A
for InP(110), and 0.65 ML/A for InSb(110) with the as-
sumption that the overlayer grows in registry with the
substrate.

Line-shape analysis of the various core-level spectra
was done with an IBM PC/RT computer using a non-
linear least-squares minimization procedure. " Spectral
line shapes were represented by Voigt functions (the con-
volution of Lorentzian and Gaussian functions) to de-
scribe the natural core-level shape and to account for
effects due to phonon broadening and instrumental
response. As many as three spin-orbit doublets were al-
lowed during the fitting procedures. As we will see, such
detailed line-shape analysis is essential to reveal chemical
changes during interface evolution and to correlate the
band ofFset to those changes.

To determine the valence-band discontinuity, we mea-
sured the energy difference between the valence-band
maximum for the cleaved surface and for the overlayer at
each stage during growth. ' These valence-band maxima
(VBM) were obtained by extrapolating the leading edge
of the energy distribution curves (EDC's) to the energy
axis, an approximation which is reasonable if the spin-
orbit splitting of the semiconductor states near the
valence-band maximum is smaH. It is a less precise
method than the method described by Waldrop et al. ,
but it gave a precision of +0.05 eV. (Although the linear
extrapolation cannot satisfactorily determine the exact
position of the VBM, their differences can be successfully
measured, as discussed by List and Spicer. '

) Simultane-
ously, we corrected for changes in band bending, as ob-
tained directly from the bulk component of the substrate
core-level emission.
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morphological changes are accompanied by a monotonic
decrease in the valence-band discontinuity, clearly indi-
cating a dependence of the electrical properties on the
structure of the interface. ' ' Our studies of Ge/GaAs
also show that an abrupt interface forms at room temper-
ature but core-level analysis provides additional insight
into the details of the development of chemical environ-
ments unique to the boundary layer.

In Fig. 1 we show representative Ga 3d and As 3d
core-level EDC's for Ge/GaAs(110) grown at room tem-
perature. These spectra are normalized to constant
height and are offset in energy to align the position of the
substrate components, thereby correcting for band bend-
ing changes. The results of line-shape decompositions are
given by dashed lines. For the clean surface, the fittings
reveal a surface-related Ga 3d doublet at 0.28+0.02 eV
higher binding energy than the' substrate and an As 3d
doublet at 0.39+0.02 eV lower binding energy. ' ' The
bulk components are labeled 1 and the surface com-
ponents are labeled 2 in Fig. 1. At these photon energies,
which generate Ga and As 3d photoelectrons having the
same kinetic energies and mean free paths, the surface
contribution is 30% of the total Ga signal (h v=65 eV)
and 40% of the total As signal (h v=90 eV). From this,
we calculate an experimental escape depth of 4.7 A. The
fact that the surface contribution is larger for As than for

RESULTS AND DISCUSSION

Ge/n-type GaAs(110)

The Ge/GaAs(110) system is probably the most stud-
ied heterojunction. ' It has attracted much attention be-
cause of the nearly perfect lattice match for the two semi-
conductors. There is consensus that the room-
temperature deposition of Ge leads to an abrupt hetero-
structure with an overlayer which is amorphous. If the
substrate temperature is increased to -320 C, however,
the Ge overlayer growth is epitaxial. If the growth tem-
perature is -520'C, then an interdiffused, graded inter-
face is formed. Several groups have shown that these
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FIG. 1. Representative As 3d and Ga 3d core-level EDC's
and their line-shape decompositions for amorphous Ge/n-type
GaAs{110). The EDC's are background subtracted, normalized
to the same height, and aligned to account for band bending.
Components 1 and 2 correspond to emission from atoms of the
substrate and surface regions. Component 3 is induced by Ge
deposition and represents interface bonding.
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Ga reflects the relaxation in the surface layer with As be-
ing displaced outward and Ga inward. ' This coopera-
tive, long-range phenomenon involves a calculated 0.35
eV per Ga-As pair.

The deposition of small amounts of Ge leads to the loss
of the surface components at a rate which is quite low.
In contrast, when reactive metals are deposited onto
these GaAs(110) surfaces, there is rapid loss of this recon-
struction as surface disruption occurs. Area analysis in-
dicates that the deposition of 1 A of Ge reduces the As
surface component from 40% to 25% of the total emis-
sion at that coverage and the Ga surface component from
30% to 20% (these relative reductions are the same to
within our level of uncertainty). With Ge depositions,
the substrate core level features exhibit obviously
different line shapes than those for the clean cleave and
attempts to fit them with only two doublets do not lead to
satisfactory results. After the deposition of 3 A of Ge, a
shoulder appears on the low binding energy side of the
substrate Ga 3d emission and there is an apparent change
in the branching ratio for the As 3d core level. These
changes clearly indicate the existence of Ge-induced in-
terface components, labeled 3 in Fig. 1. The interface
components grow as the surface components disappear
but their total emission is always less than that of the
substrate. At 6=12 A, they account for —37% of the
total core-level intensity (at that coverage).

To produce the fits shown in Fig. 1, it was necessary to
allow the Gaussian full width at half maximum (FWHM)
to increase with Ge deposition (the FWHM for As for the
clean surface was 413 meV compared to 450 meV for 3 A
deposition and 580 meV for 12 A). We attribute this
broadening to disorder at the interface associated with
nonepitaxial growth of Ge. In particular, the long-range
surface relaxation for GaAs(110) is relatively stable and
not readily disrupted by Ge adatoms. Room-temperature
overlayer growth allows Ge bonding with the substrate
(and therefore the appearance of the interface com-
ponents) but does not induce substrate disruption or
long-range cooperative relaxation. The Ge layer which
forms then presents a wide range of local bonding
configurations, including regions which are locally or-
dered and regions where bond formation is frustrated by
geometric constraints. Moreover, this network is likely
to evolve with deposition in the low-coverage region be-
cause of the changes in local energetics and bonding.

Quantitative analysis of the relative intensities of the
surface, bulk, and interface components for Ga and As
follows directly from the line-shape decompositions
represented in Fig. 1. In Fig. 2, we show the resulting at-
tenuation curves, de6ned as in[I;(6)/I(0)] where I;(6)
is the integrated core-level intensity for component i after
the deposition of 6 A of Ge and I (0) is that for the clean
surface. The total attenuation curves (the sum of all com-
ponents) for Ga and As are almost identical and their
straight-line behavior on this semilogarithmic plot indi-
cates average layer-by-layer growth (1/e decay length of
3.9 A, in good agreement with the experimental photo-
electron mean free path for photoelectrons having -42
eV kinetic energy). The correlation between the total, the
substrate, and the interface component emission intensi-

ties indicates that approximately 1 ML of the substrate is
altered by Ge deposition. The linear decay (on a semilog-
arithmic plot) of the substrate and the interface com-
ponent after 10 A indicates that substrate disruption is
minimal and Ga or As presence in the Ge overlayer is
very small. Additional support for uniform growth can
be obtained by plotting the Ge 3d core-level intensity in
the form in[1 —I(6)/I(~)]. This produces a straight
line on a semilogarithmic scale with slope equal to the
mean free path of Ge 3d photoelectrons in amorphous Ge
(4.1 A measured at h v=70 eV). Together, these results
indicate that the overlayer grows in an average planar
fashion with minimal tendency for Ge clustering or sub-
strate disruption.

Figure 2 also shows the normalized intensities for each
Ga and As component as a function of coverage. As can
be seen, the substrate components attenuate at rates that
are equal to those for the total emission while the surface
components decay more rapidly (but slower than for
deposition of such adatoms as Ti or even Au, as noted
above). Indeed, the decay of the surface component is
correlated to the appearance of component 3, the inter-
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FIG. 2. As 3d and Ga 3d component-specific attenuation
curves where the intensity of each component at each coverage
is normalized to that for the clean surface. While no Ge-
induced disruption was observed, as reffected by the exponential
decay of the substrate component, the surface component de-
cayed very rapidly because of changes in surface bonding.
These same changes were reffected in the appearance of the in-
terface component. At higher coverage, the interface com-
ponent decays at a rate equal to that of the substrate.
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face component, a fact we associate with gradual changes
in the uppermost layer(s) of the GaAs(110) surface during
Ge deposition. From our results, it can be inferred that

. the deposition of several monolayers of Ge is needed to
fully convert the vacuum/GaAs(110) interface into the
amorphous-Ge/GaAs(110) interface. The persistence of
the surface component can be understood as a conse-
quence of disordered overlayer growth, combined with
the lack of chemical disruption at the interface. It has
not been observed for metal/GaAs systems because of the
tendency of most of these systems to induce surface dis-
ruption, to a greater or lesser extent.

In order to correlate changes in surface structure with
changes in the surface electronic energy levels, we show
in the upper panel of Fig. 3 the varying position of the
Fermi level EF relative to the GaAs conduction-band
minimum (CBM) as a function Ge deposition. These
dependences were determined from the Ga 3d and As 3d
core-level EDC's measured with two different photon en-
ergies. At low coverage, EF moves rapidly into the band

gap, showing a minimum energy position at 800+30 meV
below the CBM at -3 A, and then moves slowly back to-
ward the conduction band to reach a value of 620 meV
from the CBM at 6=16 A. This intriguing behavior,
which is much more pronounced for Ge/InP(110) (lower
panel of Fig. 3), shows that the Fermi-level position must
be correlated with the evolving overlayer rather than
with a single type of substrate defect. Such changes must
be taken into account when determining heterojunction
band discontinuities.
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In order to further examine the kinetic constraints of
Ge/GaAs interface formation, we undertook a low-
temperature study of Ge overlayer formation on
GaAs(110) at -60 K. These results are very similar to
those at room temperature but with faster attenuation of
the substrate features (1/e decay length of 3.4 A). The
final position of the Fermi level was the same as that ob-
served at room temperature (620 meV from CBM) but
the overshoot at low coverage was almost negligible.
This suggests that two competing phenomena are respon-
sible for the Fermi-level position evolution at low cover-
ages and that one of them is inhibited at low tempera-
tures.

In the top of Fig. 4 we summarize our observations of
the evolving energy levels for Ge /n-type GaAs(110), us-
ing the results of Fig. 3 to distinguish band bending
changes and analysis of the valence bands to follow
changes in the valence-band discontinuity. Significantly,
the amorphous Ge-GaAs(110) valence-band discontinuity
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FIG. 3. Fermi-level position for amorphous Ge/n-type
GaAs|,'110) and amorphous Ge/n-type InP(110) referenced to
the conduction-band minimum (CBM) of the substrates as a
function of Ge coverage. The rapid movement of E+ into the

gap at low coverage is balanced by a slower return toward the
CBM at higher coverage.

FIG. 4. Schematic energy-band diagram showing the band
discontinuity and Fermi-level position at the interface for amor-

phous Ge/n-type GaAs(110) and amorphous Ge/n-type
InP(110). The level diagrams at the right correspond to the ful-

ly established configuration. Those in the middle refer to the
cases where the Fermi level is farthest from the CBM, namely
the low-coverage regime before the overlayer is fully developed.
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changes continuously with coverage from 550 meV at
8=3 A to 730+80 meV at 6=16A. (The error estimate
represents the simple sum of our uncertainties in deter-
mining core-level shifts, +30 meV, and valence-band
maxima differences, +50 meV. Figure 3 shows the
scatter in the former. ) Despite this continuous change in
band discontinuity, we observe no energy changes relative
to EF for either the top of the Ge valence band or the Ge
3d core-level position for coverages greater than -3 A.
Instead, the changes in band offset reAect the movement
of substrate GaAs energy levels relative to Ez, as demon-
strated by the band bending results of Fig. 3. The results
of Fig. 4 indicate that the amorphous Ge overlayer is @-
type and that the conduction-band offset is very small.
(Reference 21 showed that vacuum-deposited Ge over-
layers on several substrates are effectively p type. )

Ge/n ty pe -InP(110)

Studies of Ge/InP(110) and Ge/InSb(110) were under-
taken so that the correlations of structure and properties
discussed above for Ge/GaAs(110) could be extended to
III-V systems with different tendencies for epitaxy and
reaction. These systems have not been studied as exten-
sively as Ge/GaAs(110) and they do not present particu-
larly good lattice matches (-4%%uo for Ge/InP and 14%
for Ge/InSb). For them, the band offsets might be ex-
pected to depend on how the mismatch was accommodat-
ed at the interface, i.e., structural details of the interface
which would not be included in theories of ideal inter-
faces. As we will show, these heterojunctions are not
abrupt, even at room temperature, because Ge deposition
induces substrate disruption and significant outdiffusion
of In for Ge/InP(110) and In and Sb for Ge/InSb(110).

In Fig. 5 we show representative P 2p and In 4d core-
level EDC's for the growing Ge/InP(110) heterostruc-
ture. As has been discussed in detail elsewhere, the
clean surface results reveal surface components shifted
0.30 eV to higher binding energy for In and 0.29 eV to
lower binding energy for P. The deposition of 1 A of Ge
at room temperature leads to new components for both
In and P (no. 3) and the reduction of the surface com-
ponents (no. 2). Again, the rate of loss of the surface
components is lower than observed for reactive metal
overlayers. For this heterojunction, the Ge-induced com-
ponent grows in relative intensity so that it is almost as
intense as the substrate component by -3 A. At higher
coverages, such as the 8-A deposition shown in Fig. 5,
component 3 dominates the spectrum. %'e associate
these doublets with In and P atoms that have been
released from the substrate. Comparison to the results
for Ge/GaAs(110), where the Ge-induced Ga or As com-
ponent never dominates the spectrum, indicates that the
origin of the new component is quite different for these
two interfaces.

Quantitative analysis of the In and P intensities of Fig.
5 makes it possible to construct the total and
component-specific attenuation curves of Fig. 6. Corn-
parison to those for Ge/GaAs strengthens the case that
the distribution of substrate atoms is quite different for
Ge/InP and for Ge/InSb. For Ge/InP, the loss of the
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FIG. 5. Representative In 4d and P 2p core-level EDC's as a
function of Ge deposition for the Ge/InP(110) interface. Com-
ponents 1 and 2 correspond to bulk and surface atoms, respec-
tively, and component 3 reAects Ge-induced disruption of the
substrate. For In, component 3 is associated with atoms ex-
pelled to the surface region while the P component 3 is related
to atoms in new chemical environment at the buried interface.

surface component is substantially faster (it is negligible
at 3—4 A) and the rate of growth of component 3 is faster.
At higher coverage, emission from In no. 3 (expelled)
exceeds the substrate component and, thereafter, it de-
cays very slowly. Its persistence indicates that the re-
sponsible In atoms are expelled from the growing Ge
overlayer and segregated to the surface and near-surface
regions. In contrast, the P 2p attenuation curves show
that P no. 3 emission exceeds the substrate emission after

0-5 A bui that it decays at approximately the same rate
as the substrate at higher coverage, indicating that the
atoms are retained close to the interface.

The results of Fig. 6 show an interesting behavior at
low coverages of 0.5—1.4 A. In that coverage region, Ge
deposition produces small changes in signal intensities for
In, P, Ge, and even the surface component. At a critical
coverage between 1.4 and 2.4 A, however, the Ge signal
abruptly increases and substrate intensities are attenuat-
ed. (For simplicity, we have normalized the Ge growth
curve to unity at a coverage of 70 A. ) This plateau can
be explained by cluster formation and growth on the sur-
face. The observed critical coverage probably corre-
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sponds to the misfit accommodation of these surface clus-
ters. Although the details of the process are not known,
the redistribution of atoms that occurs in this coverage
range appears to be responsible for the change in direc-
tion of the Fermi-level movement and its subsequent rise
toward the CBM (following paragraphs).

Additional insight into the morphology of the interface
was obtained by comparing the In 4d binding energies for
Ge/InP to those for systems where In was known to form
clusters, namely In deposition onto InP(110) and onto Co
interfaces. Analysis shows that the energy position for
In released at the Ge/InP interface differs from that for
In clusters because the cluster energy is -230 meV
lower. Moreover, the In 4d line shapes are different for
segregated In and for In clusters. In particular, the line
shape of segregated In atoms (In no. 3) can be described
by a symmetric Voigt function while the Doniach-Sunjic
asymmetry, which is needed to describe metallic screen-
ing of the core hole, was found to be 0.16 for In clusters.
These results argue against cluster formation and in favor

FIG. 6. Normalized core-level emission intensities for the
Ge/InP(110) as a function of Ge deposition. The symbol s
denotes surface-sensitive measurements while b denotes more
bulk-sensitive measurements. Each of these spectra shows a
plateau at 0.5—1.4 A followed by a critical coverage at 1.4—2.5 A
associated with structural changes at the surface. In this range
of coverages, the Fermi level has reached its lowest energy in
the band gap. At higher coverage, the results for P indicate at-
tenuation of all components with equal rates, revealing little
redistribution of those atoms as the Ge layer thickens. For In,
however, there is evidence for continued segregation and solu-
tion in the overlayer. O~C
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FIG. 7. Core-level intensities measured by XPS sputter depth
profiling for the interface formed by the deposition of 70 A of
Ge on InP(110). Substrate species intensities are corrected by
their cross-section ratio. Surface sensitivity is enhanced by the
shallow angle of detection (30' from the horizon). Profiles clear-
ly show the presence of In at the surface and in the overlayer.
The final intensity for P 2p is lower than that for In 4d because
of preferential sputtering of P atoms.

of a more dispersed segregated In distribution on the Ge
surface.

To further examine the distribution of P and In follow-
ing Ge-induced disruption, we undertook a series of
sputter-depth profile studies, using x-ray photoemission
to monitor the intensity of the In 4d, P 2p, and Ge 3d
photoelectrons. For these measurements, the Ar+-ion
energy was 1 keV, the photoelectron take-off angle was
60' with respect to the surface normal, the photon energy
was 1486.6 eV from a monochromatized Al Ea x-ray
source, and the differentially pumped Leybold Heraeus
sputter gun made it possible to keep the pressure in the
measurement chamber below 2 X 10 Torr. Under these

0
conditions, the effective probe depth was -23 A. The
photoemission intensities were corrected by their cross-
section ratios as measured for the clean surface, and the
Ge 3d emission was set to unity for a thick film. Sputter-
depth profiling is well known to provide a direct way of
assessing relative atomic distributions.

In Fig. 7 we show the results of sputter depth profiling
of the 70-A Ge/InP(110) interface. Even before sputter-
ing, there is clear evidence for the presence of In at the
surface and the amount increases steadily with sputtering
time. In contrast, no P is observed until -20 min of
sputtering. The final intensity of P 2p is lower than that
of In 4d because of preferential anion removal. These re-
sults complement the EDC's and attenuation curves of
Figs. 5 and 6 by pointing to preferential retention of P
near the buried interface and the expulsion of In into the
Ge layer.

In the lower panel of Fig. 3 we show the Ge-induced
movement of EF in the band gap of n-InP(110). For Ge

0
depositions below —1.4 A, EF moves rapidly, reaching
an extreme value of 360 meV below the CBM. This trend
is reversed with additional Ge deposition, corresponding
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In Fig. 9 we show attenuation curves defined from the
total In and Sb core-level intensities taken in the surface-
sensitive mode, as well as for In taken with greater bulk
sensitivity at h v=32 eV. For 6) 15 A, the In substrate
intensity decreases with a I/e length of —10 A, as ex-
pected for uniform overlayer growth (hv=32 eV). The
faster attenuation at low coverages indicates substrate
disruption and chemical conversion of the substrate corn-
ponent to that identified with segregation. There is then
a considerable amount of dissociated In at the surface,
e.g., an intensity -20%%uo of that of the clean cleaved sur-
face even after the deposition of 50 A of Ge (h v=60 eV).

For InSb, the band gap is only 0.17 eV and Fermi-level
movements are small. Nevertheless, a behavior similar to
that reported for InP was observed. The measured
valence-band discontinuity was 0.12+0.08 eV, in reason-
able agreement with the results presented in Ref. 12.

CONCLUSIONS

Our results show that the amorphous Ge/InP(110) and
Ge/InSb(110) heterostructures are far from abrupt when
grown at room temperature. Even for Ge/GaAs(110),
which is almost perfectly matched and composed of
atoms following each other in the Periodic Table, clear
changes in core-level line shapes were found that rejected
bonding configurations unique to the interface. These re-
sults provide further evidence that the band lineup and
the Fermi-level position do not necessarily have unique
values for a given heterostructure but can depend on the
details of the interface. The challenge is then to control
those details and to correlate them with the electronic
properties of the heterojunction.

Among many theoretically calculated values, our ex-
perimental results for Ge/GaAs(110) and Ge/InP(110)
grown at 300 K are in good agreement with those recent-
ly reported by Harrison and Tersoff. Their tight-
binding theory predicts valence-band discontinuities of
0.66 and 1.09 eV for Ge/GaAs and Ge/InP, respectively.
However, their result for Ge/InSb of 0.60 eV differs from

the experimental finding.
The electron affinity rule can also lead to valence-band

offsets that are in very good agreement with our experi-
mental results. In particular, van Laar and co-workers
reported ionization energies of 5.56 eV for GaAs (110),
5.85 eV for InP(110), and 4.90 eV for InSb(110). Combin-
ing these with the ionization energy of 4.80 eV for
Ge(111) reported by Gobelli and Allen gives offsets of
0.76 eV for Ge/GaAs, 1.05 eV for Ge/InP, and 0.1 eV
for Ge/InSb. Although there are different results if the
data of others are used, the excellent agreement based on
the electron affinity rule suggests applicability to these in-
terfaces.

Finally, we note that experimental errors can be intro-
duced by imprecise core-level line-shape analysis and
these will be rejected in the offset energies. For example,
if only one Ga 3d doublet is considered for the
Ge/GaAs(110) system, then the difference in estimating
the band discontinuity can be as large as 0.12 eV. For
Ge/InP(110), the error can be as large as 0.73 eV if band
bending corrections are determined from the In 4d core-
level position without considering the existence of the
surface component and the interface is assumed to be
abrupt.
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