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We report an extensive study of the first stages of the buildup by molecular-beam epitaxy of III-
V-compound semiconductor heterojunctions (AlAs, InAs, and CraAs with each other, and
GaAs/GaP and InAs/InP). Surface-sensitive techniques have been applied in situ, first to yield in-
formation on the geometry and crystal structure of monolayer-thick overlayers of a III-V com-
pound grown upon another III-V substrate. For atomically well-defined heterointerfaces, the build-

up of the electron states at the interface has then been analyzed. In these cases, with respect to the
vacuum level, the substrate band structure remains stationary, and the overlayer surface- and bulk-
derived electron states appear at the position they have in the bulk overlayer material, within a
+0. 1 eV accuracy limit. The band offsets that we deduce are in good agreement with the electron-
af5nity rule and with recent experimental and theoretical data.

I. INTRODUCTION

In the last few years, the properties of heterojunctions
between III-V compound semiconductors have been
thoroughly studied. Progresses have been closely linked
to improvements in growth techniques such as
molecular-beam epitaxy (MBE), which can now build
multilayer stacks or microstructures which are pure, or-
dered composition-controlled on an atomic scale, and
tailored for fundamental studies or electronic devices. A
great deal of attention has been particularly devoted to
the determination by optical or transport measurements
of the basic electronic parameter of the interface, the
band lineup, or band offset, especially in the critical sys-
tem GaAs/Ga, Al As. ' On the other hand, rather lit-
tle is known on the heterointerfaces at an atomic scale
and on the way they are built. Oddly enough, in spite of
a long tradition of tackling such problems with the tools
of surface physics, in situ observations of electronic prop-
erties during the first steps of III-V heterostructure
growth are scarce, and are mostly limited to one system
and /or one surface technique.

We present here what is to our knowledge the first
effort to study the first steps of the buildup of most com-
mon III-V-compound semiconductor heterojunctions
(A1As, GaAs, and InAs with each other along [100]) by
combining basic surface analysis techniques giving infor-
mation on structural and electronic features, such as
low-energy electron diffraction (LEED), Auger-electron
spectroscopy (AES), x-ray and uv photoemission spec-
troscopies (XPS, UPS), and electron-energy-loss spectros-
copy (EELS). We first check the structural properties of
the interface such as interface Aatness, interface abrupt-
ness, evolution of surface reconstruction, inhuence of
strain, etc. For interfaces which may be considered as
flat and abrupt, we then consider electronic properties
such as buildup of overlayer electron states, behavior of
substrate states, band lineup, or surface recombination.

%'hile particular results are in agreement with previously
published data, the whole set of results gives new and
simple indications about the general framework possibly
encompassing the buildup of this whole class of hetero-
structures.

II. EXPERIMENTAL BUILDUP
OF THE OVERLAYER-SUBSTRATE STRUCTURES

Sample structures will be referred to as overlayer-
substrate structures. Since a III-V crystal in the [001]
direction is made up of alternate atomic planes of third-
column and fifth-column elements, our overlayer thick-
ness unit, the monolayer (ML), is taken as the combina-
tion of two such substratelike planes. Structures are built
in a Riber 2300 MBE chamber, under monitoring by 10-
keV refiection high-energy electron diffraction (RHEED).
The growth chamber is directly connected to an analysis
ultrahigh-vacuum chamber equipped with a Vacuum
Generators CLAM 100 electron-energy analyzer. The
base crystals are (001) n-type (10' cm ) InP, GaAs, and
GaP wafers. Overlayers of arsenides on phosphides are
obtained through As/P exchanges by annealing under an
As flux (equivalent pressure 10 Torr) chemically pol-
ished (InP) or ion-cleaned (GaP) substrates, at a tempera-
ture (550'C) where surface P atoms desorb and are re-
placed by incoming As atoms. Overlayers of arsenides
on arsenides are obtained by classical MBE (Ref. 4) on
thick buffer layers () 1000 A) nonintentionally doped (re-
sidual doping level p ~ 10' cm ). The growth rate for
arsenides is calibrated by RHEED oscillations during
homoepitaxy from 0.05 ML to 1 ML/s and extrapolated
to the desired values following an Arrhenius law with cell
temperature. In some cases, this extrapolation has been
slightly corrected in view of AES and X PS results.
Growth conditions depend on the desired structure and
follow some common classical rules. Thin (=1 ML)
overlayers are built at a growth rate of =0.05 ML/s, and
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buffer layers at =1 ML/s. Growth temperatures lie
around 600'C, except for In-containing structures where
it is reduced to 450'C in order to avoid In desorption.
Arsenic pressures are tuned during growth in order to ob-
tain the "As-stabilized" regime except for In-containing
layers where the maximum pressure ensuring an "In-
stabilized" growth is used. The final thickness of the
buffer layers is large enough to avoid effects of the initial
contamination and to accommodate the eventual lattice
mismatch, thus yielding unstrained substrates.

After cooling down, most often under As pressure
down to 300 C and then under vacuum down to room
temperature (see Sec. III C), the structures are transferred
to the analysis section and probed by LEED, AES, XPS,
UPS, and EELS. All electronic spectra are obtained with
the CLAM 100 analyzer. AES is performed with a pri-
mary electron energy of 2 keV and a modulation of 2.5 V
and EELS with 120 eV and 1 V, respectively, XPS with
the natural Al Ka line of an x-ray source (1486.6 eV),
and UPS with the 21.22 and 40.81 eV lines of a He lamp.
The wavelength-integrated photoluminescence yield of
GaAs and InP is also measured in situ, which gives the
surface recombination velocity. All results are referred
to those obtained on pure binary samples, i.e., cleaned
and annealed phosphide crystals and MBE-grown ar-
senide buffer layers. A few arsenide ternary alloys have
also been grown for comparison purposes.

III. STRUCTURAL PROPERTIES
OF OVERLAYER-SUBSTRATE SYSTEMS

A. Geometry

Since most structures except GaAs/A1As and
A1As/GaAs involve a high lattice mismatch M between
overlayer and substrate materials (referred to the over-
layer parameter), we deal with strained growth. One of
the first descriptions of this growth and a still valid one
after some refinements is the Franck —Van der Merwe
and Matthews (FVM) description. In this model, as long
as the overlayer thickness lies below a critical value, the
overlayer is elastically distorted in order to assume the
substrate parameter in the growth plane (pseudomor-
phism). Above this critical thickness, the strain is re-
laxed by generation of misfit dislocations. At another
thickness often similar to the former, layer-after-layer
growth is replaced by island growth, and deformations of
the islands and of the substrate near the islands help re-
lieve the strain. At high mismatches, both critical
thicknesses lie in the ML range and the growth mode is
known as the Stranski-Krastanov one. When they lie
below 1 ML, island growth is obtained at once (Volmer-
Weber growth mode). For our purpose, we must clearly
avoid this last mode, so critical thicknesses must lie
significantly above 1 ML. The critical mismatch where a
ML becomes unstable has been calculated in the FVM
approach, which was indeed originally limited to ML-
thick overlayers, to be 10—15%. The extrapolation of
data obtained for smaller I (Ref. 8) also indicates a value
larger than 10%. Therefore, since the mismatches in-
volved in this work all lie below 7%, ML-thick overlayers

should be stable. This point has been checked first by
RHEED. Except for the initial stages of the buffer layer
buildup, RHEED patterns always display short streaks,
even at the overlayer completion, indicating planar
layer-after-layer deposition (Fig. 1). The integer-order
streak spacing corresponds to the expected lattice param-
eter of buffer layers, with an accuracy of +3%, which
confirms the pseudomorphic deformation of the over-
layer. Some samples (InAs/GaAs) have been observed by
transmission electron microscopy (TEM) which revealed
no particular feature down to the 50-A scale. Finally,
AES and XPS data which will be described further on
confirm the overlayer Aatness. It may be noted that the
transition to the relaxed growth is abrupt and unambigu-
ously observed (appearance of spots in RHEED, of is-
lands in TEM, and of strong deviations from the planar
model in AES and XPS). For the most mismatched sys-
tem (InAs/GaAs), these various symptoms appear at =2
ML. For the nearly matched systems GaAs/A1As and
A1As/GaAs, they are not significantly detected whatever
the thickness. It is then expected on both theoretical and
experimental grounds that all structures are reasonably
planar, even on an atomic scale.

B. Chemical composition

A further preliminary check must be made on the actu-
al composition profile of the structures. For arsenides,
evidence is now piling up of the occurrence of surface
segregation phenomena at heterointerfaces. ' We have
analyzed this process in detail by AES and XPS for
InAs/GaAs and GaAs/InAs interfaces" and shown that
while the first one is abrupt, the second one is not. At the
deposition of the first GaAs ML, a large fraction S
(=80%) of the underlying In atomic layer segregates to
the surface, thus burying the same fraction of the deposit-
ed Ga layer. The GaAs/InAs structure is then unstable
with respect to chemical composition and the corre-
sponding heterointerface is diffuse. Similar measure-
ments for all arsenide heterointerfaces and ternary alloys,
confirmed by UPS and EELS data, wi11 be reported in de-
tail elsewhere. They show for instance that Ga& Al As
surfaces are nearly pure GaAs while Al

&
In As

and Ga& „In„Assurfaces are nearly pure InAs. They
also indicate that, except for GaAs/InAs and
A1As/InAs, a11 overlayer-substrate structures are chemi-
cally abrupt at the ML scale. This is in agreement
with general segregation data' and with optical data
on the thickness of quantum-well interfaces in
GaAs/Ga, Al„Asstructures. '

In Table I, we present a part of these results, i.e., the
I ( 3 "')/I(As) AES and XPS intensity ratios in our struc-
tures, reduced to their values in A "-As substrates, to-
gether with theoretica1 expectations for S=O and S=1.
The simple model used here involves planar layers and an
exponential absorption of emitted electrons scaled by the
electron escape length. This unsophisticated model yields
correct predictions for systems without segregation,
which also confirms the thickness and the fatness of the
overlayers. In the other cases, there is a strong indication
of S=1. Finally, for arsenides on phosphides, the over-
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layer thickness is a priori unknown, and I(A )/I(B )

reduced ratios are compared with predictions for various
values. Data for the InAs/InP case have been reported
previously in detail and are quite similar to those of the
GaAs/CxaP case: for all signals having probe depths be-
tween 5 and 20 A, a fair agreement is obtained with a 2
ML thickness, indicating that these overlayers also are
fiat and pure arsenides, and that the As-P exchange is
limited to the two topmost P layers. Finally, in all cases

where surface segregation within arsenides is not opera-
tive, the structures appear to be as they have been
planned to be, and their crystal structure and electronic
properties can be discussed as for two-dimensional sys-
tems, at least to the first approximation.

C. Crystal structure

The surface reconstruction of all structures has been
determined by RHEED, checked in some cases by

[001] [011]

1ML AlAs/GaAs 32eV

[0'l1] [011]

1ML InAs/GaAs 113 V

[011] [011]
2ML InAs/InP

[011] [011]
2ML GaAs/GaP

FIG. 1. Room-temperature electron-diff'raction patterns of various overlayer-substrate structures: c (4 X 4) 1 ML AlAs/

GaAs, (2X3)1 ML InAs/GaAs, (2X4)2 ML InAs/InP, and (2X4)2 ML GaAs/GaP. The primary energy is 10 keV for RHEED pat-

terns and is indicated under each picture for LEED patterns. Crystallographic directions indicated for RHEED patterns are normal

to the picture plane.
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TABLE II. Reconstructions of substrates and of overlayer-substrate structures, observed under vari-
ous As pressure and temperature conditions: low temperature-high As pressure (LT-HP), and high
temperature-low As pressure (HT-LP). 2X3* is a nearly 2X3 incommensurate structure (Ref. 14).
The parameter mismatch M between substrate and overlayer unstrained materials are also indicated.

Overlayer
substrate

InAs
InAs

InAs
InP

InAs
GaAs

InAs
A1As

GaAs
GaAs

GaAs
A1As

GaAs
GaP

AlAs
A1As

A1As
GaAs

LT-HP
HT-LT

0.0
2 X 4
4 X 2

—3.1

2X4
4X2

—6.7
2X3
2X3*

—6.7
2X3
2X3*

0.0
c4X4
2X4

0.0 —3.6
c4X4 2X 3
2X4 ?

0.0
c4X 4
3X2

0.0
c4X4
3X2

ed. ' Finally, it may be mentioned that the evolution of
the reconstruction with overlayer thickness also depends
on M. At low M (M=0% for A1As/GaAs and GaAs/
A1As), a correct epitaxy proceeds without change in
reconstruction. At higher mismatches (M =7% for
InAs/GaAs and InAs/AlAs), the growth regime switches
very rapidly to island growth and reconstructions are no
longer significant; our experiments on InAs/Ga„In, As
have nevertheless shown that for all x and hence for all M
(0% M 7%) the reconstruction does not depend on
the overlayer thickness up to the beginning of the island
growth. ' This confirms that this reconstruction is most-
ly controlled by the lattice parameter of the bulk —i.e., by
M—and not by its chemical nature which varies between
the first ML and the next ones.

IV. ELKCTRQMC PROPERTIES

A. UPS data and occupied states

The electronic properties of the structures at room
temperature and under vacuum have been deduced from
the UPS and EELS spectra. Since a11 observations made
on the arsenide-phosphide structures indicate that the
control on their quality is lesser than for arsenide-
arsenide structures, and also in view of their lesser
present interest, our effort has been concentrated on the
1atter. We first report the resu1ts on occupied states ob-
tained by UPS. The valence-band density of states (DOS)
is deduced from the 21.22-eV (He I) spectrum after remo-
val of an exponential contribution of secondary elec-

TABLE III. DOS characteristic energies (eV) below the vacuum level for III-V substrates. CB-I,
CB-II, VB-I, and VB-II are conduction- and valence-band features, CL are the In and Ga core levels
and CL* their mean weighted energy, E& and E& are the band-gap edges, EF is the Fermi level, VBF-I'
and VBF-I" are determinations of the valence-band feature VBF, ESS', and ESS" are determinations of
the empty surface band ESS, and OSS is the top of the highest occupied surface band. The surface or
bulk (s or b) origin of the features and their determination procedure are indicated at the left-hand side;
a —g letters refer to corresponding EELS peak energies (see Fig. 8).

CL*—g —E
CL* f F. ——
CL —8 —E
VB-II-d
UPS
UPS
UPS
UPS
CB-I+b
CB-II+c
ESS+a
UPS
UPS
UPS
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UPS
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b
b
s
s
b
s
b
s
b
b

b
b
b
b
b
b
b
b

Eg
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E
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A1As
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4.05
3.78
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11.65

GaAs
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3.55
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3.58
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6.75
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23.20

GaP
2.26
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3.45
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6.25
6.05
6.40
7.47

12.45
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InP
1.35
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3.18
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4.40
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5.75
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VB-III) as expected for the bulk of III-V compounds
from theoretical calculations. ' The oxygen-adsorption
test has been used on the pure binary compounds in order
to separate the contribution of surface states and bulk
valence-band states in the UPS-derived DOS (see for in-
stance the GaP case in Fig. 5). The surface state contri-
bution is found to be particularly important near the top
of the valence band: peak VB-I is mostly bulk derived in
A1As and InAs, ' mostly surface derived in GaP and
GaAs, and composite in InP (see Fig. 5 and Ref. 18). In
these last two cases, its position depends on the final sur-
face treatment. On the other hand, VB-II has a definite
position and an unambiguous bulk origin in binary com-
pounds. VB-III seems to have the same properties but its
position is a little too dependent on the background sub-
traction fit to be of accurate use. Other peaks are either
associated to surface states or not obtained reliably
enough. Finally, the position E~ of the valence-band
maximum (VBM) is obtained by linear extrapolation to
zero of the DOS, taking care that no important surface-
derived DOS is present in the extrapolation range. In
principle, the UPS-derived DOS should be fitted with a
power law of (E E~) bu—t the exponent cannot yet be
unambiguously chosen' though it may certainly differ
from unity. However, the shape of the UPS-derived DOS
is actually fairly linear in an =1 eV range in all cases,
and the use of the same procedure for determining E~
should yield with a correct accuracy the relative positions
of the various VBM's. Furthermore, the ionization ener-
gies we obtain are in good agreement with determinations
by other methods.

Our main concern here will be the overlayer-induced
DOS and its energy relation to the substrate DOS. The
energy scaling for UPS spectra must be accurate, realis-
tic, and common to all the substrates and to all the struc-
tures. This is a rather complicated problem to which no
clear-cut answer has been given up to now. Three "ener-
gy references" are commonly used, ' the Fermi level, the
core levels, and the vacuum level, each of them having
advantages and drawbacks. The Fermi level EI; is the
most straightforward choice. Since all samples are fair
conductors connected to the electrical ground of the ex-
perimental setup, their Fermi levels are aligned on the
spectrometer energy scale. This position may be obtained
with a good accuracy —and is regularly checked —from
the Fermi edge of the UPS spectrum of a clean gold sam-
ple (see Fig. 3). If Er, is to be used as the only reference
for band lineup purposes, it requires in principle
(Ez Ev) to be stable—for a given material whatever the
changes of surface conditions (for the substrate material)
or of thickness and underlying substrate (for the over-
layer material). There seem to be no reason for which
this condition should be fulfilled for the overlayer. For
the substrate, the Fermi level at the surface —as probed
by UPS—is most usually pinned somewhere inside the
band gap by the gap surface states; its position with
respect to the bulk band structure then depends in princi-
ple on the changes of the surface states as the overlayer
grows, which may lead to a modified pinning or even to
unpinning. Such displacements which are commonly ob-
served ' require the use of valence-band features for band

lineup determination, which complicates the comparison
between many systems.

Another possible energy reference, seemingly univer-
sal, is the vacuum level E„„understood in photoemis-
sion experiments as the potential experienced by the free
photoelectron just outside the solid. This level may be set
in the previous Ez- related energy scale through the work
function 4& (=E„,EF—), which is determined from the
distance in the UPS spectra between the "Fermi level"
and the low-kinetic-energy cutoA' ( =E~h„,„—N). In our
spectra, the width of the cutoff, which is related to the
homogeneity of N, is =0.15 eV for arsenide structures
and =0.4 eV for phosphide-based structures, to be com-
pared to the resolution-limited width of the metallic Fer-
mi cutoff =0.15 eV. This second energy reference is then
less accurate than the first one, but is presumably less
sensitive to uncontrollable displacements due to Fermi-
level pinning or unpinning. Its application to our case re-
quires the ionization potential of a material E,—and no
longer EF —E~=E; —@—to be stable under the changes
undergone by the materials. For the overlayer material,
there is again no a pIiori reason for this behavior. For
the substrate material, the condition is often checked,
though this is certainly not the rule, ' consider for instance
the extreme case of surfaces activated to "negative elec-
tron affinity" by alkali adsorption.

The third common energy reference is given by atomic-
like core levels (CL), whose position may be obtained
throughout the structure growth procedure and with a
good accuracy from the UPS spectrum. Their relation to
the valence band (E~ CL) is in —principle a constant of
the material as soon as it has acquired its bulklike band
structure, which gives an excellent procedure for the
determination of band lineups. However, in practice,
core levels may be distorted —sometimes drastically —by
chemical shifts due to different bonding configurations in
the bulk and at the surface or at the heterointerface, thus
requiring a difficult line-shape analysis. However, since
all our surfaces are As-saturated at room temperature, we
do not expect the surface shifts on the core levels of the
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5 6 7 8
ENERGY BELOW THE VACUUM LEVEL (eVj

FIG. 6. Enlargement near the VBM of UPS-derived valence-
band DOS for GaAs, InAs, and 2 ML InAs/CxaAs. The
hatched area is the near-VBM contribution of the InAs over-
layer.
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third-column atoms —which are buried —to be important.
For instance, the Ga 3d core level surface shift is report-
ed to be very small (&0.05 eV) on MBE-grown (100)
GaAs, as indeed on cleaved, i.e., mixed surfaces, with
respect to those reported for the As core level (=0.5
eV). The surface contribution therefore does not
change the core level position nor line shape. The slight
evolution of the line shape (widening) of Ga or In core
levels that we observe on some structures may then be at-
tributed to an heterogeneity of (EF—CL) in the surface
plane. This is confirmed by the excellent stability (+0.05
eV) of the separation of In and Ga core levels throughout
the variety of structures under study (see an example in
Fig. 4).

Since none of the three procedures seem a priori com-
pletely foolproof, we tried all of them in our data evalua-
tion, with reproducibility as our first criterion. For sub-
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FIG. 7. Energy position with respect to the vacuum level of
the Fermi level EF (triangles), of the valence-band edge EI.
(open circles), and of the valence-band peak VB-II (open cir-
cles), deduced from UPS spectra for various overlayer-substrate
structures and substrates. For structures, the arrows indicate
increasing overlayer thicknesses: 1, 2, and 4 ML for
GaAs/A1As, 1, 1.5, and 2 ML for A1As/GaAs, 1, 1.5, 2, 7, and 3

ML on a InAs/GaAs short-period superlattice grown on InP
for InAs/GaAs, and 2 ML for GaAs/GaP and InAs/InP. For
ternary alloys, 6 and A letters indicate, respectively, as-grown
samples and samples annealed above the temperature of desorp-
tion of the less bonded atom (In for Ga& In As and
Al& In„As, Ga for Ga& „AlAs). Symbols with error bars
represent the combinations of many experimental data for InAs,
GaAs, and InP substrates. Boxes drawn around the symbols
represent roughly the expected behavior, i.e., for structures evo-
lution from substrate to overlayer position, and for ternary al-

loys the position corresponding to the segregating species in as-
grown ( G) samples and to the nondesorbing species in annealed
( A) samples.

strates, surprisingly enough, we did not find any
significant difference between the three procedures,
within a +0.1 eV accuracy range. For structures, the sit-
uation is more complex. The difference between core lev-
els and the vacuum level is very stable (+0.05 eV) except
in a few cases where a clearly incorrect value of N shifts
the whole band structure with respect to the "wrong"
vacuum level. The Fermi level fluctuates rather
strongly —up to +0.15 eV for a given structure —with
respect to the other possible references and on the whole
seems to be a slightly worse reference. The core levels
seem then to be the first choice, as already concluded in
the previous section. However, we cannot obtain any A1
core level with our uv source, so that we have finally
chosen a mixed solution. In and/or Ga core levels are
taken as the energy reference, except for the A1As sub-
strate where core levels are not available and for which
we use the next-lowest sharp structure VB-II. In all
cases, this procedure minimizes the dispersion on the po-
sition of band-structure features such as Ev, VB-II, and
VB-III, to about +0.07 eV for a given substrate or struc-
ture.

The zero of the common energy scale, on which In 4d,
Ga 3d, and VB-II (A1As) are rigidly related to each other
and to the data, may still be chosen at will and is of no
real importance. In order not to privilege a single sys-
tem, and taking advantage of the good stability of the
vacuum level in this energy scale throughout the samples,
we choose its average position as the origin of the energy
scale. In this scale, we have In 4d5&2= —22.35 eV, Ga
3d&&z = —24.20 eV and VB-II (A1As) = —11.65 eV. Typi-
cally DOS features for each structure and for the materi-
als which form its substrate and overlayer are shown in
Figs. 5—7 with this common energy scale. It may be em-
phasized that this procedure is intended to yield more ac-
curate results on a common energy scale for all samples,
and that other choices lead to the same trends as those
which will be presented in the next section. For instance,
it may be seen in Fig. 7 that in the energy scale based on
core levels or E„„,EF is approximately stable (+0.1 eV);
this shows that the same picture drawn with an energy
scale based on EF would display similar trends. This
rather surprising though convenient agreement will be
discussed in Sec. V.

B. Buildup of the overlayer valence band and band offset

We first discuss the evolution of the bulk-derived
features VB-II and Ez during the buildup of structures,
from the bare substrate and on. Obviously, the most
straightforward interpretation can be made in the case of
GaAs/A1As and AlAs/GaAs structures which are poten-
tially the smoothest ones due to the very low lattice
mismatch involved and for which thick planar overlayers
can be built. Indeed, the coarse position of VB-II clearly
moves from its A1As position to its GaAs position during
the deposition of GaAs on A1As [Fig. 5(a)] and converse-
ly for the A1As/GaAs structure. Furthermore, at inter-
mediate thicknesses, GaAs-derived and A1As-derived
peaks can be still observed at their position in bulk GaAs
and A1As in the vacuum level energy scale and only their
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relative weight changes, making their mean position evo-
lute continuously. Like the stability of core levels, this
shows that the bulk band structure of the substrate is not
shifted significantly in energy during overlayer deposi-
tion. The case of InAs/AlAs and InAs/GaAs is compli-
cated by the limitation of the overlayer thickness to =2
ML. The evolution of VB-II is small and clear only at
thicknesses where islands appear. Finally, the high-
kinetic-energy cutoff (apparent VBM) in UPS-derived
DOS follows in all systems an evolution similar to the one
of VB-II, from the VBM of the substrate towards the
VBM of the thick overlayer material. Again, this evolu-
tion is clearer for GaAs/AlAs and AlAs/GaAs cases
[Fig. 5(a)]: the GaAs VBM appears very early during the
deposition of GaAs on A1As while the appearance of the
A1As VBM during the deposition of A1As on„GaAs is de-
layed because of its mixing with states of the underlying
GaAs. The apparition of an InAs-derived DOS above the
VBM of GaAs for InAs/GaAs structures is fairly visible
too (see Fig. 6). Such spectra have been used for a long
time in order to determine heterojunction band offsets '

and we discuss them now in this respect.
Considering the depth probed by UPS (=3 ML), our

results show that, even if the overlayer bulk band struc-
ture is fully established only at thicknesses of =4 ML,
the overlayer-derived states which appear below this
thickness are already at their final position in the thick
layer. In other words, the heterointerface is already
"formed" at the first stages of its buildup, like it is ob-
served for metal-semiconductor contacts. This is reason-
able, considering the common nature of all materials in-
volved, and it indicates that surface dipoles are similar
and cancel to a zero interface dipole. It also considerably
simplifies the interpretation of results in terms of band
offset, since it means that the actual band offset obtained
for the completed heterojunction should be fairly well ap-
proximated by the difference of the ionization energies
(electron-affinity rule' ). From our data, we can deduce
"band offset" values from (1) the electron-affinity rule, (2)
from the band structure of ternary alloys (see data in Fig.
7) following the method of Ref. 23, i.e., from a non-
formed heterointerface, and (3) from the measurements
performed on structures which involve a half-formed in-
terface and a "DOS offset" rather than an actual band
offset. All these determinations are in agreement with
each other and yield 0.35+0.07 eV for GaAs/A1As and
A1As/GaAs, 0.1+0.07 eV for InAs/GaAs, and 0.45
+0.07 eV for InAs/AlAs. Other experimental deter-
minations of the band offset in fully formed heterojunc-
tions by similar methods (XPS) are 0.35—0.45 eV for
GaAs/A1As, and 0.17 eV for InAs/GaAs, in good
agreement with our data.
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sitions by changing the primary energy and performing
oxygen adsorption experiments. High energy-loss

. features f and g (=20—25 eV) correspond to transitions
from the topmost core levels (In 4d and Ga 3d) to
conduction-band features CB-I and CB-II involving a
large exciton binding energy E. b and c peaks ( =4—7 eV)

C. EELS data and empty states

EELS spectra of III-V compound semiconductors have
been often reported. Spectra of structures are very
similar to those of the substrates; their main characteris-
tic peaks labeled a —g and p are shown in Fig. 8 and may
be mostly interpreted in the same manner. For bare sub-
strates, we have separated bulk- and surface-derived tran-
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FIG. 8. EELS spectra obtained at a primary energy of 120 eV
and a 1-eV modulation for (a) GaAs/AlAs and AlAs/GaAs, (b)
InAs/GaAs, InAs/AlAs, InAs/InP, and GaAs/GaP structures.
Peaks are labeled a —g and p for the bulk plasrnon.
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may be attributed to transitions between a valence-band
feature VBF-I and CB-I or CB-II, and the large feature p
( = 15—17 eV) to the bulk plasmon. Other peaks are asso-
ciated with the presence of the surface. The transitions
towards a surface empty state band ESS associated with
third-column surface atoms from VB-II and the core lev-
els give rise to peak d (=8—9 eV), and to a doublet
[e„e2]( =18—20 eV) involving also E which reduces to a
singlet e for Ga-derived peaks for which the core level
separation is lower. Peak a ( = 3 eV), which often appears
as a shoulder in the neighboring bulk-derived peak b, cor-
responds to a transition promoting electrons to ESS from
a valence-band feature VBF-II, which seems associated
with VB-I for arsenides and VBF-I for phosphides (see
Fig. 10). Finally, other peaks lying between 7 and 14 eV
have been associated with the back bonds of surface
atoms. Positions of peaks a, b, c, p, e, f, and g for all
structures and bulk materials are reported in Fig. 9 and
indirectly in Table III. The accuracy with which they
may be determined is =0.2 eV except for the wide
plasmon peak for which it is =0.3 eV taking into account
the primary energy drift during the measurements and
the sample-to-sample reproducibility.

Since we know from UPS the absolute position of the
occupied initial levels, the EELS transition energies give
us the position of the empty final levels, taking E into ac-
count. Unfortunately, E is not accurately known. For

the highest (=20 eV) transitions, we take the values of
Van Laar et ah. , i.e., 0.5 eV for Ga-related transitions
and 0.45 eV for In-related ones, although higher values
have been proposed. For lower-energy transitions, we
assume that E is small ( &0.1 eV). Our choice is support-
ed by the fact that the two determinations of ESS (ESS',
ESS") obtained from the two transitions e and d which
involve it as a final level are in close agreement. Finally,
all characteristic energies in empty or occupied DOS for
substrates and structures are listed in Table III and
shown in Fig. 10.

The trends in EELS peaks during heterojunction build-
up must be considered in view of the penetration depth of
the primary beam and the escape depth of backscattered
electrons ( =3 ML). The shifts of b, c, and p bulk-derived
peaks may be understood simply as the progressive re-
placement of the peaks of the substrate by those of the
overlayer material (Fig. 9). The most interesting informa-
tion is obtained from e, f, and g peaks whose initial state
(d core levels) are known from UPS to be stationary dur-
ing structure growth. Figure 9 shows that peaks corre-
sponding to the substrate or overlayer materials are
found on structures approximately at their position on
bare substrates. For instance, in the InAs/A1As (respec-
tively, GaAs/AlAs) structure, we observe the =22.3-eV
(respectively, 21.6—23.8 eV) peak associated to the InAs
(respectively, GaAs) conduction band. A similar situa-
tion is found on 1 ML InAs/A1As and to a lesser extent
on 1 ML GaAs/A1As for which no Al-derived peak is
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FIG. 10. Characteristic features of the band structure of
AlAs, GaAs, InAs, GaP, and InP deduced from our UPS and
EELS measurements, taken from Table III. The positions of d
core levels (CL), of valence-band features (VB-I and VB-II), of
the valence- and conduction-band extrema (E&,Ec ), of the Fer-
mi level (EI; ), and of an occupied surface state band (OSS) are
obtained from UPS data. EELS peaks assigned in the right-
hand margin give the positions of conduction band features
(CB-I, CB-II), of ari empty surface state band (ESS},and of bulk-
or surface-derived valence-band features (VBF-I', VBF-I", and
VBF-II).
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present. This indicates that the empty states correspond-
ing to the overlayer are already at their position in its
bulk material where they form the conduction band, sup-
posing that the exciton binding energy does not depend
much on the material. Here again, we find that the basic
electronic properties of the overlayer are formed at the
very first stages of its buildup.

D. Surface states and Fermi-level pinning

As mentioned earlier, surface state contributions ap-
pear in the UPS and EELS spectra of bare materials. The
spectra of structures also show indications of similar con-
tributions, but sorting them from the contribution of the
overlayer —which may be indeed considered as the sur-
face in view of its thinness —is not at all straightforward,
and may be actually illusory. However, a few indications
exist, first in the UPS spectra. A large surface DOS
which is located near the InP VBM and widely extends in
its band gap disappears in the InAs/InP structure; in
view of what we said about the replacement of substrate
bulk states by overlayer ones, this may be associated with
the absence of surface contribution in the InAs band gap
(see Ref. 3 for details). For GaP where similar gap sur-
face states appear, the high-kinetic-energy cutoff is nearly
stationary during GaAs/GaP formation. This may be at-
tributed to the simultaneous disappearance of the GaP-
derived surface states which extend =0.3 eV in the band
gap of GaP and to the buildup of the VBM of GaAs
which no gap surface states are seen by UPS. Surface
state replacement is observed only in these two systems
where the substrate has visible gap surface states while
the overlayer material has none. For the other struc-
tures, surface states located near the valence-band max-
imum and bulk DOS overlap and cannot be easily
separated from each other. The only possible exceptions
could be the GaAs and A1As sharp surface state bands lo-
cated at =1.1 eV below the respective VBM's; however,
they overlap in GaAs/A1As and A1As/GaAs structures
and are considerably widened and barely visible in
GaAs/GaP so that those data again are not conclusive.

In EELS spectra, the only clear indication is given by
the e peaks for which the initial states are the core levels
and the final states a surface state band. Their stability in
all samples indicates that, again if the exciton energy is
not significantly changed by the underlying substrate, the
surface state band of a given overlayer (InAs/GaAs,
GaAs/A1As, and InAs/A1As) appears at the same posi-
tion as in the thick overlayer material. Similar though
less clear information may be extracted from the d peak
for which final states lie in the same empty surface band
and initial states in VB-II. We have already reported the
same phenomenon for InAs/InP. For A1As/GaAs or
GaAs/GaP, no such data is available, because of the lack
of a core level in He II UPS spectra and/or to peak over-
lap so that data are not conclusive. Finally, the few data
we have on the surface states of structures point to the
same trend as for bulk-derived states, i.e., indicate that
they are located approximately at the same energy as on
the thick overlayer material. A similar trend is observed
on the surface recombination velocity obtained from in
situ photoluminescence. We have already shown that

fitting an InAs overlayer on InP moves surfaces states out
of the InP band gap and hence reduces the surface
recombination velocity. We report here that fitting this
same overlayer of GaAs creates states inside the GaAs
band gap and simultaneously increases this velocity.

Another indirect indication on surface states is provid-
ed by the position of the Fermi level EF. No systematic
study of the variation of its position with the bulk doping
of structures has been performed; arsenide layers are
nonintentionally doped (p (= 10' cm ), while InP and
GaP substrates are heavily n type -doped (n =10' cm ).
However, the Fermi level was checked to be strongly
pinned on InP and GaAs substrates by changing the bulk
from heavy n doping to p doping and it is likely to be also
pinned in structures by the overlayer surface states, if not
by the probably much less numerous overlayer-substrate
interface states. Indeed, it is found at approximately the
same location in structures and in the overlayer materi-
als. A more surprising piece of information is the near-
perfect stability of the work function and hence of EF
throughout the samples: for most substrates, ternary al-
loys and structures, it lies at 4.9+0.1 eV.

V. MSCUSSIQN

Our UPS and EELS data indicate a clear trend for the
buildup of atomically well-defined III-V-compound semi-
conductor heterojunctions: with respect to the vacuum
level, the band structure of the substrate remains stable,
and the surface or bulk overlayer-derived electron states
appear at the energies they have in thick unstrained over-
layers. It must obviously be kept in mind that we have
only a very restricted and perhaps distorted view of those
states. The accuracy of UPS and EELS is limited to
=0.1 eV. Furthermore, these techniques are sensitive
only to large densities of states and not really to the
smaller details of band structure. In this respect, they
cannot really compete with transport or optical experi-
ments for the accurate determination of these details.
For instance, overlayer strain leads to splitting of heavy-
and light-hole bands as shown by luminescence data.
We have tried to observe such eft'ects by building an
InAs/GaAs structure on a Gao &Ino 5As/InP base, which
redistributes the strain between GaAs (from 0 to = 3 %
extension) and InAs (from =7 to =3% compression),
but we found no significant infIuence of this redistribu-
tion on the "band off'set" (see Fig. 7). This could be ex-
pected since the center of gravity of band maxima —and
hence the UPS spectrum —has been shown to be nearly
insensitive to strain.

With this limitation in mind, in order to evaluate the
accuracy of our results, it is worth comparing them to
previous experimental data and general theoretical pre-
dictions involving all III-V systems in the issue of band
lineup, ' since this parameter is both widely studied
and very sensitive. We have already mentioned in Sec.
IVB that published photoemission data are in correct
agreement with ours. However, we have not observed
the inhuence of the growth sequence previously reported
in GaAs/A1As versus AlAs/GaAs systems. Optical and
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FIG. 11. Ionization energies deduced from our UPS data for
III-V compounds or those of Sebenne et al. (Ref. 37) for Si and
Ge band-offset values with Ge of the literature. Those values
are obtained (a) from a review of experimental results (Ref. 34),
(b) from UPS and XPS data (Refs. 22 and 28), (c) from calcula-
tions by Tersoff (Ref. 31), (d) by Cardona and Christensen (Ref.
33), and (e) by Langer and Heinrich (Ref. 32) (data aligned on
the mean GaAs value 0.49 eV), (f) from tight-binding calcula-
tions by Haussy et al. (Ref. 35), and (g) by Harrison and Tersoff
(Ref. 36). The slope-one lines are drawn to fit best the data
within the +0.1 eV accuracy limit, excluding the Ge point.

transport measurements yield 0.4—0.5 eV for the
GaAs/A1As band offset and 0.0—0.1 eV for the
CzaAs/InAs one, ' in agreement with ours within the 0.1

eV accuracy limit. First-principles or tight-binding cal-
culations of the GaAs/A1As band offset give results in
the 0.35—0.50 eV range. Considering now general hetero-
junction models, we compare in Fig. 11 the VBM posi-
tions we obtain with those calculated by Tersoff' ' by
alignment of the band structure "neutrality level, " by
Langer and Heinrich by alignment of deep-impurity
levels, by Cardona and Christensen by alignment of a
dielectric midgap energy, by Margaritondo et al. ' by
reference to actual heterojunctions with Ge, and other
groups ' (Si and Ge ionization energies are taken from
Ref. 37). The overall agreement lies within the +0.1 eV
range which has been claimed by Margaritondo to be
the ultimate limit of such correlations.

On this basis, we feel that our conclusion on the build-
up of electron states in the heterojunction is correct
within this +0.1 eV accuracy limit. Its first consequence
is the applicability to band lineup of the old electron-
affinity rule, which should actually be called here the
"ionization energy rule, " all the more since the actual
value of the band gap of strained overlayers is not a trivi-
al question. The revival of this rule has already been sug-
gested by Margaritondo considering the recent and
simultaneous determinations of the ionization energies
and of the band offset, more reliable than those opposing
this rule. It may be reminded that we deal here with
heterojunctions between III-V compounds which are very
similar materials, with identical crystal structures and

neighboring electronic structures, and that the interface
is built with in principle neither broken nor wrong bonds.
All this suggests that the surface dipoles should be simi-
lar and that interfact dipoles should be very small, as also
shown by theoretical calculations. These properties,
which may be the privilege of III-V systems, make them
ideal cases for UPS and EELS tests of the electron-
affinity rule, but also of general models such as those
mentioned above which ignore the possibility of interface
dipoles or strain effects. They may also be the origin of
the agreement between the predictions of all these models
(Fig. 11). It may be noted here that a plot of ionization
energy versus band gap for the five semiconductors con-
sidered here leads us to a ratio of the valence-band offset
to the band-gap difference of 20+5 %, with the +0.1 eV
accuracy on Ez values. This ratio, though near the ac-
cepted value of 30% for GaAs/Al, „Ga,As, ' is quite
different from the 75% value observed for A ' /B"'C or
2' /B "C ' heterojunctions, showing that care must
be excercized in extrapolating results from one class of
materials to another one.

It may also be argued, as suggested by the approach of
Mailhiot and Duke, that the validity of the electron-
affinity rule, the validity of models involving the align-
ment of band-structure characteristic levels in hetero-
junctions or metal-semiconductor contacts, and even the
stability of our experimental Fermi level, are manifesta-
tions of the same underlying physical phenomenon. All
general theories of band lineup mentioned above involve
the presumed existence in all materials of reference levels

which merely need to be aligned to put all band struc-
tures on a common energy scale, which is conserved in
the formed heterojunction if the interface dipole is negli-
gible. The levels considered are the vacuum level, the
core levels, the neutrality level '

( =center of gravity of
valence and conduction bands), the "dielectric midgap en-

ergy, " the deep-impurity levels, etc. to which we may
add on an empirical basis the pinned Fermi level (approx-
imate equal to center of gravity of surface states). The
band lineups deduced from their alignment are in =0.1

eV agreement with each other. Indeed, it has been point-
ed out that such levels are naturally pinned to each oth-
er, and also related to the intrinsic Fermi level, the
minimum of density of states, the Fermi level in the
amorphous material, the center of gravity of bonding and
antibonding states of dangling bonds, etc. It may be then
put forward that on an absolute energy scale the band
structures of all III-V compounds align their main
features: vacuum level, near-atomic core levels (cf. ter-
nary alloys and structures), center of gravity of bulk and
surface states (cf. stability of Fermi level), etc. During
the formation of heterointerfaces, no charge transfer and
then no shift of the substrate band structure occurs, and
this alignment fixes the band offset. Similarly, as pointed
out by Tersoff, ' during the formation of metal-
semiconductor contacts, the Fermi level of the metal
aligns with the neutral level of the semiconductor for the
same interface neutrality condition, thus fixing the
Schottky barrier. Our presentation is obviously
oversimplified and needs a deeper theoretical basis, but it
encompasses all experimental data with a fair accuracy.



1784 J. M. MOISON et al. 39

Simple energy determinations by (in situ) surface tech-
niques may then lead to good first-basis predictions of
band lineup in other systems (III-V ternary and quater-
nary compounds, II-VI, etc. ) with the ultimate goal of
band-gap engineering. Indeed, data on Cre/Si (Ref. 41)
suggest that a similar approach may also apply to
fourth-column elemental semiconductors. Finally, from
a different point of view, the predictability of surface
states can be used for engineering the surface electronic
properties as we suggested earlier, by fitting on the
desired bulk the "surface" formed by a ML-thick over-
layer with the material having the desired surface proper-
ties.

VI. CONCLUSION

By molecular-beam-epitaxy techniques, we have built
ultrathin III-V overlayers on III-V substrates, which are
the first steps of heterojunction buildup. For selected
couples excluding those where surface segregation occurs
and blurs the interface, the morphology of these struc-
tures is planar and their composition gradient abrupt at
the submonolayer level. The surface reconstruction is
controlled mainly by the nature of the surface layer and
by the lattice mismatch between overlayer and substrate
materials, and is altered when this mismatch lies above
=3%. On the other hand, occupied and empty states as-
sociated with the overlayer do not depend on this
mismatch and are located at the energies where the

valence and conduction bands and surface states of thick
overlayers lie; they may then be considered as precursors
of these bands, rather unaltered by the underlying sub-
strate. This stability may be potentially used for surface
engineering purposes, since desired surface properties can
be obtained by fitting on the bulk material a ML-thick
layer of the material having these desired properties.
With respect to the vacuum level, we also find that the
substrate band structure is also stationary during the
heterojunction buildup, which confirms the "revival" of
the electron-affinity rule for band-ofFset determination.
This behavior may be possibly restricted to the chemical-
ly and structurally similar III-V compounds, though
similar indications exist for IV-column materials. Final-
ly, our results contribute to suggest a common origin for
'the Fermi-level pinning at free surfaces, the band lineup
in heterojunctions, and the barrier height at metal-
semiconductor contacts.
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