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A1As-Si-GaAs(001) and GaAs-Si-A1As(001) heterostructures were synthesized by molecular-beam epi-
taxy. Transmission electron microscopy and in situ x-ray photoemission spectroscopy, together with x-

ray interference measurements of model GaAs-Si-GaAs(001) structures and Si-GaAs(001) superlattices,
indicate that pseudomorphic Si layers can be grown at the interface for layer thickness ~4—8 mono-

layers with no detectable dislocation or twin formation. While the band offsets for isovalent A1As-GaAs
heterostructures follow the commutativity rule, the presence of Si at the interface is found to give rise to
deviations from the rule as large as +0.4 eV. Such deviations are associated with a Si-induced local di-

pole that can be established with high reproducibility within the interface region.

I. INTRODUCTION

Recent theoretical and experimental results on the
electronic structure of semiconductor heterostructures
and superlattices are highlighting the role of local inter-
face dipoles in determining heterojunction band discon-
tinuities. Andersen and co-workers, ' based on linear-
muf5n-tin-orbital superlattice calculations, proposed that
the correct heterojunction potential alignment can be ob-
tained starting from an arbitrary alignment of the bulk
potentials and minimizing the total energy with respect
to a single parameter: the local interface dipole. The ar-
gument used to prove this result is based on linear-
response theory, although it can be generalized beyond
linear response. ' In this view, models of the heterojunc-
tion band offsets based on the alignment of "absolute"
reference levels for the two semiconductors, such as the
charge neutrality level, the atom superposition, ' or
the cation-centered Wigner-Seitz cell model, " should be
considered only as a zeroth-order approximation.

Recent linear-response-theory results treating the in-
terface as a perturbation relative to a reference virtual
crystal indicate that at isovalent lattice-matched hetero-
junctions the band offsets should depend only on the bulk
properties of the two semiconductor constituents, while
polar interfaces between hetero valent heterojunctions
may be charged, and the interface charge gives rise to
electric fields that alter the bulk energy of the system.
The possible formation of charged heterovalent inter-
faces, discussed earlier by several authors, ' ' has re-
cently been examined for IV/III-V heterojunctions and
superlattices through a number of first-principles total-
energy calculations. '

Baroni et al. , and Munoz, Chetty, and Martin, ' and
Peressi et al. ' predicted large violations of the transitivi-
ty rule for GaAs-Ge-oaAs, ' Ge-GaAs-Ge, and A1As-
Si-GaAs (Ref. 18) structures in which the central region
is comprised of a pseudomorphic atomic double layer
playing the role of an n+-p+ microscopic capacitor and
generating a large interface dipole. ' Some of these pre-
dictions have been qualitatively confirmed, although
the magnitude of the deviation from the transitivity rule
and its dependence on interface layer thickness and corn-
position are not well reproduced by the theory.

The magnitude of the dipole can be substantially
affected by the formation of defects at the interface. For
example, Bylander and Kleinman' have calculated elec-
trostatic fields of about 10 V/m as a result of the inter-
face charge in Ge-GaAs (001)- and (111)-oriented super-
lattices, but Baroni et al. suggested that in the same sys-
tern neutral interfaces might be induced by the formation
of mixed Ga/Ge or As/Ge planes. Dandrea, Froyen, and
Zunger' proposed that the large fields in Si-GaAs(001)
superlattices will be compensated by III/IV (catioti) or
V/IV (anion) swaps across the (001) interface, leading to
neutral interfaces with widely different band offsets. At
present, the magnitude of the interface dipole and the na-
ture of the defects, if any, that are formed in such systems
are a priority target of experimental investigations.

In this paper we focus on the stability of thin strained
layers of Si within the interface region of A1As-GaAs het-
erostructures, and on the local electrostatic dipole associ-
ated with the resulting interface. As far as IV/III-V de-
vice applications are concerned, the possibility to obtain
large changes in band offsets using local interface dipoles
would open a new way of tailoring carrier injection or
confinement in heteroj unction devices. In addition,
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other possible applications include GaAs/Ge/GaAs dou-
ble heterojunction bipolar transistors, Si layers in the
interface region of Si02-GaAs junctions to reduce inter-
face state densities, ' and Fermi-level pinning, and
Si layers in the interface region of GaAs-metal junctions
to unpin the Fermi level and modulate the Schottky bar-
rier 28 30

In a previous Rapid Communication we have shown
that the presence of thin layers of Si in the interface re-
gion of AlAs-GaAs interfaces is associated with a local
dipole that can change the band offsets. Here we expand
on this initial report and address three main issues. First,
we consider the natural (i.e., unmodified) value of the
band offsets in A1As-GaAs(001) and GaAs-AlAs(001) iso-
valent heterostructures by examining 49 heterostructures
synthesized by molecular-beam epitaxy (M BE) with
different types of doping for the two semiconductors. In
situ monochromatic x-ray photoemission spectroscopy
(XPS) studies show no evidence of deviations from the
commutativity rule, but reveal a possible systematic
discrepancy of 0.10 eV in the band offsets relative to re-
cent optical results.

Secondly, we characterize by means of transmission-
electron-microscopy (TEM) or x-ray-diffraction (XRD)
measurements the structure of Si layers in AlAs-GaAs
heterojunctions, 6aAs-GaAs homojunctions, and Si-
GaAs(001) superlattices. We find that pseudomorphic Si
interface layers with no evidence of twins or dislocations
can be fabricated for layer thicknesses as large as 4-8
monolayers (ML's) both in single-quantum-well struc-
tures and superlattices, using a combination of low-
temperature and high-rate-growth conditions.

Finally, we gauge by XPS the value of the valence-
band offset, its reproducibility, and the interface position
of the Fermi level for 50 AlAs-Si-GaAs(001) and 30
GaAs-Si-A1As(001) heterostructures for different values
of the Si interface layer thickness and doping of the III-V
substrate and overlayer. We find that the Si-induced lo-
cal dipole yields maximum deviations from the transitivi-
ty rule of +0.4 eV, i.e., 27% of the theoretical value, ' at
a Si coverage of 0.5 ML. Although the interface position
of the Fermi level varies from heterostructure to hetero-
structure and is affected by the growth conditions and
doping, the reproducibility of the maximum local dipole
is better than 15% for A1As-Si-GaAs(001) and better
than 10% for GaAs-Si-A1As(001). For Si interface layer
thicknesses of 2 ML's the dipole decreases, and the repro-
ducibility markedly degrades, suggesting that an increas-
ing number of anion or cation swaps may take place in
order to reduce the local electrostatic field at the inter-
face. For larger Si layer thicknesses (2—4 ML's) constant
deviations from the transitivity rules and asymmetries in
the behavior of A1As-Si-GaAs(001) and GaAs-Si-
A1As(001) may be related to the establishment of in-
equivalent neutral IV/III-V and III-V/IV interfaces rath-
er than the long-range electrostatic fields expected for
charged interfaces.

II. EXPERIMENTAL DETAILS

Heterostructures and superlattices were synthesized by
conventional solid source MBE in a multichamber facili-

ty that includes a Riber 32P growth chamber for the
growth of III-V and IV semiconductors, and an analysis
chamber equipped with a Surface Science Laboratories
SSX-100-03 small spot monochromatic XPS spectrome-
ter. All chambers are connected by an ultrahigh vacuum
(UHV) transfer line that also allows fast introduction of
wafers from a class 100 custom-modified clean room, and
wafer heating prior to MBE growth.

Heterostructures and superlattices were grown
on undoped GaAs(001) wavers etched in a
5NH4OH:2H202. 10HzO solution, heated at 300'C in the
UHV heating station and then at 580'C in the MBE
growth chamber to remove the oxide. Heterostructures
for XPS measurements were comprised of a III-V sub-
strate layer (GaAs or AlAs) grown epitaxially on the
GaAs(001) wafer, a Si interface layer of variable thick-
ness, and a thin (10-30-A thick} III-V overlayer (A1As or
GaAs} grown epitaxially on top of the Si interlayer.
GaAs(001) substrate layers were typically 0.5-pm-thick
buffer layers grown at 580'C with an As partial pressure
of 4X 10 Torr and an As4/Ga fiux ratio of 10-15. The
growth rate was calibrated by means of reflection high-
energy electron diffraction (RHEED} intensity oscilla-
tions. Typical GaAs growth rates employed were in the
1-pm/h range. The GaAs(001) surfaces examined by
RHEED exhibited the As-stabilized 2X4 surface recon-
struction. A1As(001) substrate layers were obtained as
200-1400-A-thick epitaxial layers grown at 620'C on
GaAs buffers, and exhibited the As-stabilized 3X1 sur-
face reconstruction. ' We examined n-type (Si doped,
n =6X10' cm ), p-type (Be doped, p =1X 10' cm ),
as well as undoped III-V layers. In what follows, the cor-
responding results will be specified as pertaining to n-, p-,
or i-type substrates or overlayers.

Si interface layers were fabricated with two alternate
procedures. In most cases, the growth of the substrate
material was stopped by closing the group-III-element
shutter and leaving the As shutter open, as customarily
done during 5 doping of GaAs. In selected cases both the
As and Ga shutters were closed and the source power
lowered in order to reduce the As partial pressure below
4X10 ' Torr. The substrate temperature was then
lowered to 500'C, and the shutter of the Si effusion cell
opened for a calibrated time interval. The two Si deposi-
tion procedures (with and without As Aux) yielded
different Si surface reconstructions, as indicated by
RHEED, but totally consistent XPS determinations of
the band offsets. For example, upon Si deposition on
GaAs(001) in the presence of As fiux, we observed an in-
termediate 2X1 reconstruction (at a Si coverage of 0.1-
0.2 ML) followed by a transition to a sharp 3X1 pat-
tern. Without As flux we observed an initial 2X1
reconstruction (Si coverages of 0.5-1.0 ML} followed by a
2X2 reconstruction at coverages above 6—8 ML's. The
different Si layer surface reconstruction had no detectable
effect on the XPS value of the valence-band offset for the
final structures.

Upon completion of the desired Si interlayer thickness,
final A1As-Si-GaAs(001) and GaAs-Si-A1As(001) hetero-
structures for XPS band offset determination were ob-
tained by closing the Si shutter, raising the substrate tem-
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perature to 580'C in about 2 min, and growing thin III-V
overlayers by opening the appropriate shutters. Over-
layers as thin as 10 A and as thick as 30 A were examined
with consistent results, and the typical overlayer thick-
ness employed for XPS measurements was 15 A. The
XPS spectrometer uses Al Ea radiation (1486.6 eV)
monochromatized and focused by a bent crystal mono-
chromator. Photoelectrons are collected at an average
exit angle of 55' from the sample normal and energy ana-
lyzed by means of a hemispherical electrostatic analyzer.
An overall energy resolution (electrons plus photons) of
0.69 eV could be achieved for sampled areas 150 pm in
diameter. The photoelectron escape depth for Ga 3d
photoelectrons excited by Al Ku radiation was estimated
as 26.6 A for normal emission in Ref. 34. Because of our
collection geometry, the effective escape depth in our ex-
periment was only 15 A. The variation of the escape
depth in going from Ga 3d to Al 2p photoelectrons is
only a few percent and will be neglected here.

Heterostructures for TEM cross-sectional analysis
were obtained by growing a 0.5-pm-thick updoped GaAs
substrate layer, a Si interlayer of variable thickness (nom-
inal Si coverages of 0, 2, 4, 8, and 14 ML's with 1 ML
defined as 6.25X10' atoms/cm ) deposited at 500'C un-
der As flux, a 100-A-thick AlAs overlayer, and a final
100-A-thick GaAs cap layer grown at 580'C. After Si
deposition, the total growth time to complete the hetero-
structure ranged from 2 to 8 min. Specimens were cut
and prepared by conventional ion thinning. A Philips
CM30 microscope operated at 300 kV was used for all
TEM investigations, with cross sections imaged along the
[110]direction.

GaAs-Si-GaAs(001) heterostructures for x-ray
diffraction (XRD) analysis were obtained by growing a
2.5-JMm-thick undoped GaAs buffer layer at 580'C and
depositing 1 and 2 nominal monolayers of Si under As
flux at 500'C, followed by 2500 A of GaAs at 580'C.
After Si deposition, the total growth time to complete the
structure was about 10 min. We also fabricated for com-
parison a 15-period (Si)3(GaAs)~o superlattice, with super-
lattice composition determined by XRD, in 5 h at 540'C
on GaAs. X-ray interference measurements were per-
formed using a high-resolution double-crystal
diffractometer and Cu Ka& radiation (A, =1.540562 A).
An x-ray beam incident on the sample with 11-grad an-

gular divergence was obtained using an asymmetric
Ge(100) crystal and the (400) reflection. The x-ray-
diffraction patterns were recorded in all cases in the vi-

cinity of the symmetric (400) GaAs reflection, which has
an intrinsic full width at half maximum (FWHM) of 40
prad, and, for the superlattice, also in the vicinity of the
asymmetric (422) GaAs reflection.

Throughout the paper, nominal Si coverages are given
in monolayers, in terms of the GaAs(001) atomic density.
Nominal coverages were obtained from flux calibrations.
We set a constant Si effusion cell temperature and used
the constant Si flux to homogeneously dope GaAs layers.
Resistivity and Hall mobility measurements at liquid-
nitrogen temperature were used to determine the doping
density. Flux calibration was performed for cell tempera-
tures in the 1000—1160'C range and yielded a linear

dependence of the flux on cell temperature in the range
explored. During the experiment Si deposition was per-
formed with a cell temperature of 1240—1300'C, and the
nominal coverage was obtained by linearly extrapolating
the flux measured at lower temperatures. The resulting
estimated flux was 3.6+0.8 X 10' atoms/cm s at
1300'C. The growth time required to complete 2 ML's
of Si at 1300 C was 5' and 45". For all silicon coverages
~ 2 ML's the silicon cell was operated at 1300'C. The Si
thickness was checked a posteriori through XPS studies
of Si growth on both GaAs(001) and A1As(001) sub-
strates, and XPS and flux-derived coverages were found
to be consistent within an uncertainty of about 15% (Ref.
37). Growth of a 15-A-thick III-V overlayer on top of
the Si interlayer for XPS determination of the offset, was
completed in 5 —11 s. Correspondingly, photoemission
showed little variation of the cation/Si integrated intensi-
ty ratio, suggesting that the Si interlayer thickness
remains constant at least during such short growth
times.

III. RESULTS AND DISCUSSION

A. Natural AlAs-GaAs heterostructure band oft'sets

A number of recent photoemission results on the natu-
ral, unmodified band discontinuities for A1As-GaAs exist
in the literature. The valence-band offset hE, is usually
measured from the position Eb of the Ga 3d and Al
2p core levels, the position of the valence-band maximum

E, in the two bulk materials, and the core-level separa-
tion at the interface hE,

&

..

bE, =[E&(Ga 3d) —E,(GaAs)]

—[Ei,(AI 2p) —E„(AIAs)]+bE,
~

=DE,)
—AEb .

The most recent photoemission results are summarized
in Table I. In the first column we give the number of
samples measured in each experiment, in the second
column the overlayer-substrate growth sequence, in the
third column the overlayer-substrate doping type, in the
fourth column the interface core-level separation 4E,~, in

the fifth column the difference in bulk core binding ener-
gies AEb, and in the sixth column the valence-band offset

AE, . The values of AE, in Table I are in the 0.36—0.46
eV range and reportedly carry an uncertainty of 50 meV.
However, recent optical determinations of the valence-
band offset ' support a somewhat larger value of 0.56
eV. The issue is further complicated by the existence of
different theoretical predictions. The most recent predic-
tions for the offset from all electron calculations within
the local-density approximation yielded values of 0.37
(Ref. 45), 0.41 (Ref. 46), and 0.48 eV (Ref. 2). Recent
work on many-body corrections to the local-density ap-
proximation, however, indicate that the inclusion of such
effect should modify the offset, and new corrected values
of 0.53 (Ref. 46) and 0.58 eV (Ref. 2) have been proposed.
In view of these possible discrepancies, and the relatively
small number of samples examined to date by photoemis-
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TABLE I. Literature results for the valence-band offset in AlAs-GaAs(001) and GaAs-AlAs(001)
heterostructures. First column: number of samples examined. Second column: overlayer-substrate

type. Third column: overlayer-substrate doping type. Fourth column: Al 2p-Ga 3d interface core-level

separation. Fifth column: bulk core binding energy difference. Sixth column: valence-band offset.
Last column: reference.

No. measured Growth sequence

AlAs-GaAs(001)
GaAs-AlAs(001)
Ga As-AlAs(001)
AlAs-GaAs(001)
AlAs-GaAs(001)
GaAs-AlAs(001)
AlAs-Ga As(001)
GaAs-AlAs(001)

Doping

n/n
n/n
i/n
—/i

hE, )

54.41
54.31
54.65
54.65
54.45
54.43
54.42
54.42

EEb

53.95
53.95
54.27
54.27
53.99
53.99
53.97
53.97

0.46
0.36
0.39
0.39
0.46
0.44
0.45
0.45

Ref.

38
38
39
39
40
40
41
41

sion (see Table I), we elected to conduct a new systematic
study of the photoemission-determined value of the natu-
ral valence-band offset.

In photoemission, the uncertainty on the numerical
value of the offset derives mostly from the uncertainty on
the determination of the position of the valence-band
maximum relative to the Fermi level for each bulk ma-
terial. The position of E„is usually determined either
from a linear extrapolation of the leading valence-band
edge or through a least-squares fit of the data to a
suitably broadened theoretical electronic density of states
(DOS) near E„.The first method is in principle less accu-
rate, although it is likely to be adequate for deriving the
valence-band offset for common anion systems such as
A1As-GaAs due to the cancellation of systematic errors
that follows from the similarity of the anion-derived DOS
features. Most authors who use the second method
employ the same theoretical GaAs DOS to fit both GaAs
and A1As data, and therefore make an assumption
equivalent to that implicit in the first method. In general,
sources of uncertainty in the determination of E„with
the second method are related to matrix elements and
surface-related effects, the accuracy of the theoretical
DOS, as well as the numerical value of the broadening pa-
rameter.

The interface core separation hE,
&

can be measured
with high accuracy, and is independent of overlayer and
substrate doping if the sampling depth is negligible rela-
tive to the Debye lengths of the two semiconductors
comprising the junction. It will also be independent of
overlayer thickness if the overlayer is thick enough so
that the contribution from the first layer atoms is negligi-
ble. The apparent core position reflects then the average
"bulk" electrostatic potential of the overlayer rather than
possible chemical shifts. One should, in principle, verify
that such conditions are met. Variations in the apparent
value of bE,

&
with doping or overlayer thickness, as well

as asymmetric broadening of the substrate or overlayer
core-level line shapes, are expected if one or the other of
the two conditions is not met.

Our results for the A1As-GaAs core-level separation
are exemplified in Fig. 1 and summarized in the first row
of Table II. In the rightmost inset of Fig. 1 we show
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- o AIAs-Si-GaAs
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FIG. 1. Leftmost inset: Al 2p-Ga 3d core-level separation at
the interface as a function of AlAs overlayer thickness for
AlAs-GaAs(001) (squares) and AlAs-Si-GaAs(001) (circles).
Rightmost inset: valence-band emission from thick AlAs(001)
and GaAs(001) epitaxial layers. (a) Al 2p and Ga 3d core-level
emission from bulk AlAs(001) and GaAs(001) samples. The
zero of the energy scale was taken at the position of the Ga 3d
cores in GaAs and the apparent core separation is that expected
for a hypothetical heterojunction with zero valence-band offset
(EEb). (b) Al 2p and Ga 3d core emission from an actual AlAs-
GaAs(001) heterostructure. (c) Al 2p and Ga 3d core-level emis-
sion from an A1As-Si-GaAs(001) heterostrucutre with a Si layer
0.5 ML thick. (d) Al 2p and Ga 3d core-level emission from a
GaAs-Si-AlAs(001) heterostructure with a Si layer 0.5 ML
thick.
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TABLE II. Core-level and valence-band offset measurements for different III-V/III-V and III-V/IV/III-V heterostructures. First
column: sample type (overlayer-interlayer-substrate). Second column: number of heterostructures examined. Third column:
overlayer-substrate doping types examined. Fourth column: range of positions observed for the Ga 3d core levels (Ref. 49) relative to
the Fermi level EF at the interface. Fifth column: range of positions observed for the Al 2p core level (Ref. 49) relative to EF at the
interface. Sixth column: average interface core level separation bE,l. Seventh column: experimental uncerainty on EE,l, taken as
the standard deviation or

2
of the dispersion of the experimental values (rows 7 and 8). Eighth column: resulting average values of

the valence-band offset AE, . Epitaxial III-V substrates and overlayers were all grown at 580'C, and the typical thickness of the III-V
a

overlayers was 15 A. The pseudomorphic Si interlayers were all grown at 500'C.

Sample

AlAs-GaAs

GaAs-AlAs
AlAs-0. 5 ML Si-GaAs

GaAs-0. 5 ML Si-AlAs
AlAs-2 ML Si-GaAs
GaAs-2 ML Si-AlAs
AlAs-4 ML Si-GaAs
GaAs-4 ML Si-AlAs

No. measured

40

9
41

10
7

16
2
4

Doping

p/p, n /n
n /p, p/i
n /i, i /i
i/n
i/i
p/p, n/n
n /p, p/i
n /i, i /i
i /n, i /p
p/n
i /p, i /i
i/i
i/i
i/i
i/i

E(Ga 3d)

18.97—19.69

18.99-19.59
19.56-20.22

18.92-19.50
19.23—20.09
18.92-19.68
19.79-19.85
19.39-19.59

E(Al 2p)

73.37-74.10

73.29-74.15
73.64—74.22

73.70-74.47
73.72-74.19
73.47-74.60
74. 11-74.12
74. 11—74.50

aE„
54.42

54.46
54.02

54.77
54.23
54.77
54.30
54.77

0.04

0.03
0.05

0.03
0.15
0.15
0.03
0.05

0.42

0.46
0.02

0.77
0.23
0.77
0.30
0.77

valence-band spectra for a 0.5-pm-thick GaAs epitaxial
substrate (top) and a 200-A-thick A1As epitaxial layer
(bottom). The binding energy scale is referenced to the
valence-band maximum E, as derived from a least-
squares linear fit of the leading valence-band edge. Pho-
toelectron energy distribution curves (EDC's) for the Al
2p and Ga 3d core emission from these two samples are
shown below the inset in Fig. 1(a). The core binding en-
ergies were measured relative to E, for each sample, and
the zero of the energy scale was taken at the position of
the Ga 3d centroid in GaAs. The corresponding core
binding energy difference EEI, is that expected from a hy-
pothetical heterojunction with zero valence-band offset.
In Fig. 1(b) we show core EDC's from an AIAs-
GaAs(001) heterostructure fabricated by growing a 15-
A-thick A1As overlayer at 580'C on top of the GaAs sub-
strate. The corresponding interface core-level separation
hE,

&
is 54.42+0.03 eV. The core separation is indepen-

dent of overlayer thickness in the coverage range 10—25
A. This is illustrated in the leftmost inset of Fig. 1,
where we plot the Al 2p —Ga 3d core separation at the in-
terface as a function of overlayer thickness for an A1As-
GaAs(001) heterostructure (squares).

In the first row of Table II we summarize measure-
ments for 40 A1As-GaAs(001) heterostructures fabricated
by growing 15-A-thick A1As layers at 580 C on top of
GaAs(001) substrate layers. In the first column we give
the sample type (overlayer-substrate), in the second
column the number of heterostructures examined, in the
third column the overlayer-substrate doping type exarn-
ined, in the fourth column the range of measured posi-
tions of the Ga 3d core level relative to the Fermi level
at the interface, in the fifth column the measured position
of the Al 2p core level relative to the Fermi level at the

interface, in the sixth column the average interface core
separation hE,~, in the seventh column the correspond-
ing uncertainty 0., obtained as the standard deviation of
the distribution, and in the last column the resulting
average value of the valence-band offset EE„obtained by
using previously measured core-level binding energies in
bulk GaAs and A1As standard materials
(AEt, =54.00+0.05 eV, Ref. 50) and Eq. (1).

In the second row of Table II we summarize measure-
ments for nine GaAs-AlAs(001) heterostructures fabri-
cated by growing 15-A-thick GaAs layers at 580'C on
top of A1As(001) substrate layers. The meaning of the
symbols is the same as in the first row of Table II. The
average values of b,E„for A1As-GaAs(001) and GaAs-
A1As(001) heterostructures are 54.4260.03 and
54.46+0.03 eV, respectively. The interface core separa-
tion hE,

&
is therefore independent of the growth se-

quence, so that the valence-band offset AE„for isovalent
GaAs/AIAs heterostructures follows the commutativity
rule within experimental uncertainty (0.05 eV). The
values of the valence-band offsets 0.42+0.07 and
0.46+0.06 eV for A1As-GaAs(001) and GaAs-A1As(001),
respectively, are in agreement with most of those listed in
Table I, and indicate that there may indeed be a sys-
ternatic discrepancy of up to 0.10 eV between the lower,
photoemission-determined value of the offset and the
value derived from optical studies. We tentatively associ-
ate the difference to the final state involved in the two
processes. In principle, the effect of the core-hole poten-
tial on the photoemission electron states may modify
such states relative to the ground state of the system and
affect differently GaAs and AlAs derived states.

From the apparent position of the Ga 3d and Al 2p
core levels relative to the Fermi level, we can extract the



46 STRUCTURE AND LOCAL DIPOLE OF Si INTERFACE. . . 6839

position of the Fermi level at the interface using the mea-

sured core binding energies relative to the valence-band
maximum. In general, we observe a wide (0.6-eV)
scatter in the values of the interface position of the Fermi
level (see Table II), which contrasts with the very limited
scatter in the values of the interface core separation hE,&.

The position of the Fermi level at the interface is there-
fore likely to be strongly affected by small differences in
the growth procedure, while the band offsets are quite in-
sensitive to the same variations. This is in agreement
with recent linear-response-theory results that indicate
that in isovalent heterostructures the band offsets are
essentially a bulk property of the two semiconductors in-
volved, and are largely independent of orientation,
interdiffusion, and defect formation. The pinning posi-
tion of the Fermi level at the interface is not, instead, a
bulk property of the two materials, and may therefore be
affected by the detail of the growth procedure. The
Fermi-level pinning positions range from about 0.1 eV
above the top of the valence band in GaAs (or about 0.6
eV above the top of the valence bands in AlAs) to about
the midgap position in GaAs and A1As, indicating that a
wide range of defect concentrations or types may be gen-
erated for small variations in the growth parameters.

B. Structural properties of the Si interface layers

GaAs(001) heterostructures for nominal Si interlayer
thicknesses of 2, 4, and 8 ML's. Only limited contrast be-
tween the III-V and Si lattice could be achieved, but the
pseudomorphic character of the interlayer is quite clear
for coverages of 2 and 4 ML's, with no evidence of twins,
or of the edge and 60' dislocations observed during GaAs
growth on bulk Si(001) substrates. '

In the case of the sample with 8-ML Si interlayer
thickness, the photograph unambiguously shows the
presence of microtwins on the (111) planes, indicating
that partial strain relaxation may have begun. Strain re-
laxation is exemplified in Fig. 3, where we show dark-field
cross-sectional TEM, g=200, photographs of A1As-Si-
GaAs(001) structures for nominal Si interlayer thickness
of 2 (top) and 14 ML's (bottom). At the very top of each
photograph, a dark horizontal feature corresponds to a
GaAs cap layer used to protect the heterostructure dur-
ing sample transfer and processing. The A1As layer below
appears bright due to the difference in the F2oo structure
factor for the two semiconductors. The Si interface lay-
er is located at the boundary between the AlAs layer and
the GaAs buffer directly below. The results for the 2-ML
Si interlayer show high-quality interfaces, with no evi-
dence of dislocations, twins, antiphase domains, or stack-
ing faults. Results for the 14-ML Si interlayer show clear

In Fig. 2 we show high-resolution cross-sectional TEM
photographs of the interface region of A1As-Si-
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FIG. 2. High-resolution transmission-electron microscopy
photographs [(110)cross section] of A1As-Si-GaAs(001) hetero-
structures with a Si interface layer thickness of 2 (top), 4
(center), and 8 ML (bottom).

FIG. 3. Dark-field, g=200, image [(110) cross section] of a
GaAs-A1As-Si-GaAs(001) heterostructure with a Si interface
layer thickness of 2 (top) and 14 ML (bottom). The A1As layer
appears bright because of the difference in the Fzoo structure
factor for the two semiconductors. The Si interface layer is lo-
cated at the boundary of the A1As layer and the GaAs buffer
directly below.
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FIG. 4. Cu Ka x-ray-diffraction patterns (closed circles) near

the symmetric (400) GaAs reflection from GaAs-Si-GaAs(001)
structures for nominal Si interlayer thicknesses of 1 (a) and 2

ML (b). We also show the result of a dynamical scattering

simulation (solid line). Best agreement with experiment is found
0

for a Si interface layer thickness of 0.8 (top) and 2 A (bottom).
Data for larger Si interface layer thicknesses also support an ac-
tual Si coverage of about 80% of the nominal coverage obtained

from Aux calibration.

evidence of dislocations and stacking faults in the A1As
layer, indicating strain relaxation of the Si layer. We are
not aware of any previous microscopy study of A1As-Si-
GaAs(001) structures, but the results of Fig. 3 are quali-
tatively consistent with recent TEM studies of GaAs-Si-
GaAs(001) heterostructures by Adomi et a/. , who have
reported a 9-A Si interface layer to be pseudomorphic,
and an 18-A interlayer to be at least partially relaxed.

A more quantitative analysis was performed for a num-
ber of GaAs-Si-GaAs test structures. In Fig. 4 we show
x-ray-diffraction patterns recorded in the vicinity of the
symmetric (400) GaAs reflection for samples involving Si
interface layers with nominal thickness of 1 and 2 ML's
[Figs. 4(a) and 4(b), respectively, solid circles) and GaAs
overlayers about 2000 A thick. Due to the different lat-
tice constant of the Si and GaAs crystals, the Si unit cell
in the samples is tetragonally distorted, so that the wave
field scattered by the GaAs lattice planes in the overlayer
is not exactly in phase with that scattered by the lattice
planes of the GaAs substrate. The interference between
the two waves gives rise to characteristic fringes in the x-
ray-diffraction pattern, in which the intensity of the

fringes depends strongly on the product of thickness and
strain of the embedded Si layer, and the angular distance
between the fringes depends on the thickness of the GaAs
overlayer. For Si pseudomorphic layers (+4.1% in-

plane strain), the strain normal to the interface plane can
be calculated from elastic theory as —3.07/o, and it is
therefore possible to determine the average thickness of
the embedded Si layer and of the GaAs overlayer by com-
paring the experimental diffraction pattern and simulated
patterns obtained from dynamical scattering theory for
distorted crystals. We also show in Figs. 4(a) and 4(b)
simulated interference patterns (solid line) from dynami-
cal scattering theory. The closest match was obtained
in Fig. 4(a) for a Si interface layer thickness of 0.8 A (0.6
ML) and a GaAs overlayer thickness of 1900 A, and in
Fig. 4(b) for a Si thickness of 2 A (1.4 ML's) and a GaAs
thickness of 2050 A. We emphasize that no Debye-
Waller broadening or smoothing was used in the compar-
isons of Fig. 4, so that the agreement between theory and
experiment is especially significant and supports an
abrupt and coherent nature of the interfaces and good
crystalline quality of the overlayers.

The very existence of interference patterns in Figs. 4(a)
and 4(b) indicates that most of the Si atoms remain local-
ized within a pseudomorphic interface layer rather than
diffusing in the bulk. Analogous studies of thicker Si in-

terface layers produced average layer thicknesses ranging
from 70% to 90% of the nominal values. Together, the
results of Figs. 2 —4 demonstrate that the combination of
temperature-rate deposition conditions employed for Si
results in well-localized Si layers with relatively abrupt
interfaces. The observed reduction in Si interlayer thick-
ness relative to the values estimated from Aux calibration
or XPS studies ' may, in principle, indicate that
diffusion of a fraction of the deposited Si atoms in the
I!I-V substrate or overlayer may occur during the longer
growth times employed to synthesize the multilayer sam-

ples used for TEM and XRD analysis. Preliminary stud-
ies indicate, however, that it is still possible to grow
high-quality Si-GaAs superlattices by this method.

In Fig. 5 we show the experimental [Fig. 5(a)] and
simulated [Fig. 5(b)] difFraction pattern in the vicinity of
the symmetric (400) GaAs reflection from a 15-period Si-
GaAs(001) superlattice. The dominant feature is the
GaAs substrate peak. The experimental pattern exhibits
satellite peaks up to the third order. The closest match
between experiment and dynamical simulations was ob-
tained for an average superlattice composition
(Si)3 2(GaAs)~o 5, where the noninteger number of mono-

layers for Si reAects thickness fluctuations across the
structure. We emphasize that satellite peaks are affected

by interface disorder, and high-order peaks are more sen-

sitive than low-order peaks. The remarkable agreement
between experiment and the simulation for ideal struc-
tures underscores that ideal pseudomorphic strain and

fairly abrupt interfaces can be obtained even in superlat-
tice structures grown in several h.

Previous studies of Si redistribution during III-V
growth have mostly examined Si coverages of a few per-
cent of a monolayer obtained during growth interruption
(under constant As flux) of homogeneous GaAs or Al-
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FIG. 5. Experimental (a) and calculated (b) x-ray-diffraction
pattern in the vicinity of the symmetric (400) GaAs re6ection
for a 15-period Si-GaAs superlattice. Satellite peaks up to the
third order are clearly observed. Best agreement between the
experimental and calculated patterns was obtained for an aver-
age superlattice compositon (Si)3,(GaAs) 5p 5.

levels for A1As-GaAs(001) and GaAs-A1As(001) hetero-
structures in the presence of 0.5 ML of Si deposited at
the interface. The corresponding measured hE,

&
in Figs.

1(c)—1(d) were 54.02+0.03 and 54.78+0.03 eV respec-
tively. In the leftmost inset of Fig. 1 we show for A1As-
Si-GaAs(001) that b,E,&

(open circles) is independent of
A1As overlayer thickness in the coverage range of 15—30
A. This result, together with the relatively short photo-
emission sampling depth employed, indicates that the ob-
served change in EE„rejectsan actual variation in band
offset and not doping-induced band bending variations or
interface reactions.

The reproducibility of these results is illustrated in the
third and fourth rows of Table II, where we summarize
measurements of bE„for 41 A1As-Si-GaAs(001) hetero-
structures and ten GaAs-Si-A1As(001) heterostructures
for a Si interface layer 0.5 ML thick. We observe average
values of hE,

&
=54.02+0.05 and 54.77+0.03 eV, corre-

sponding to AE„=0.02+0.08 and 0.77+0.08 eV for
A1As-Si-GaAs(001) and GaAs-Si-A1As(001), respectively.
The average values of hE, ~

measured as a function of Si
interface layer thickness in the 0-2-ML range are sum-
marized in Fig. 6 (Ref. 57), with error bars reflecting the
standard deviation of the distribution (thick vertical bars)
or the uncertainty on a single measurement (thin vertical
bars).

The effect of the Si interface layer is to increase the
valence-band offset for GaAs-Si-A1As(001) heterostruc-
ture and decrease the offset in A1As-Si-GaAs(001). This
is the behavior expected from the theoretical models of
Refs. 2, 15, and 18 for charged interfaces provided that a
Si bilayer develops gradually between an As-terminated
substrate and a cation-initiated overlayer. In fact, calcu-
lations by Peressi et a/. ' quantitatively reproduce the
data in Fig. 6 up to a Si interface layer thickness of 0.5
ML. The calculations were performed assuming that the

GaAs layers. Lower Si deposition rates and higher
growth temperatures are usually employed. Final Si dis-
tributions with FWHM from 35 to 53 A in GaAs and
51-118 A in AloaAs have been reported, ' the asym-
metry of the distribution suggesting preferential redistri-
bution toward the surface. We suggest that the more
abrupt profiles we are able to obtain are due to the com-
bination of the higher Si deposition rate and lower
growth temperature. A word of caution is required, how-
ever, when comparing Si spatial distributions determined
with different techniques. TEM, XRD, and XPS (Ref.
20) indicate that most of the deposited Si atoms are local-
ized in pseudomorphic interface layers irrespective of
their charge state, but cannot rule out long-range
diffusion of a fraction of such atoms. Conversely, trans-
port techniques ' provide information only on the loca-
tion of Si-related donor species.

C. Si-induced local dipole
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We have determined the effect of Si interface layers on
the valence-band offset by means of XPS in situ by moni-
toring the variation in the interface core separation 4E,

&

as a function of interface layer thickness. As an example,
we show in Figs. 1(c) and 1(d) the Ga 3d and Al 2p core

FIG. 6. Valence-band offset for A1As-Si-GaAs(001) (closed
circles) and GaAs-Si-AlAs(001) heterostructures (open circles)
as a function of the thickness of the pseudomorphic Si layer at
the interface. Thick vertical bars show the standard deviation
of the data from a series of samples (see Table II). Thin vertical
bars show the uncertainty on a single measurement.
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Si atoms are uniformly spread over two consecutive
atomic layers even at coverages less than two monolayers
in order to ensure local charge neutrality, the appropriate
effective inverse dielectric constant is that of a hypotheti-
cal bulk alloy, with the same composition as the doped
bilayer, and the III-V overlayer growth is cation initiated
also on top of the Si layer. ' In this picture the two inter-
faces are charged with opposite polarity, and the electro-
static field formed across the Si layer is at the origin of
the interface dipole that modifies the band offsets.

Although the interface dipole observed in Fig. 6 is con-
sistent in direction and order of magnitude with the
above simple model, theory would predict a dipole in-
creasing monotonically with Si thickness, while a max-
imum dipole of about 0.4 eV is observed experimentally
(Fig. 6) at a Si coverage of only 0.5 ML. At higher cover-
ages, the Si-induced change in offset saturates or de-
creases slightly in magnitude, for GaAs-Si-A1As(001) and
A1As-Si-GaAs(001) structures, respectively. The max-
imum observed dipole (0.4 eV), although reduced relative
to theory, still accounts for the widest range of tunability
(0.8 eV) ever reported, to our knowledge, for any semi-
conductor heterostructure.

As far as the Si thickness dependence of the dipole is
concerned, several authors ' ' ' ' ' emphasize that
the presence of a field across a Si layer confined by two
ideal charged Si/III-V interfaces would yield a diver-
gence in the total energy of the system with increasing Si
thickness. Consequently, the establishment of neutral in-
terfaces through the formation of appropriate defects
should be thermodynamically favored. If the formation
of charged substitutional defects is responsible '
for the decrease in interface dipole observed in Fig. 6 at
high Si coverages, small unintentional variations in
growth conditions may affect severely the resulting di-
pole. In the fifth and sixth rows of Table II we summa-
rize XPS measurements for seven A1As-Si-GaAs(001)
heterostructures and 16 GaAs-Si-A1As(001) heterostruc-
tures for a nominal Si interface layer thickness of 2 ML's.
The average values of the interface core separation EE,I
are 54.23+0. 15 and 54.77+0. 15 eV, respectively. The
standard deviation of the distribution is three to five
times larger than that observed for Si interface layer
thicknesses of 0.5 ML, indicating that unavoidable small
fluctuations in growth parameters do affect more severely
the resulting interface dipole.

If the formation of charged substitutional defects leads
to the establishment of neutral interfaces, in the high-Si
coverage limit the Si-induced dipole should saturate to a
constant value determined by the individual IV/III-V
and III-V/IV interfaces. If the commutativity rule is
satisfied for Si-GaAs and Si-A1As junctions, then the Si-
induced dipole should tend to zero. In the seventh and
eighth rows of Table II we summarize XPS measure-
ments for AIAs-Si-GaAs(001) and GaAs-Si-A1As(001)
heterostructures with nominal Si interface layer
thicknesses of 4 ML's. The corresponding average values
of the overall valence-band offset are 0.30+0.08 and
0.77+0.08 eV, respectively, values that are consistent
with those observed for a Si interface layer thickness -2
ML s. The implication is that in the high-Si-coverage

limit the Si-induced dipole does saturate to a constant
value different from zero, as expected in the presence of
neutral asymmetric IV/III-V and III-V/IV interfaces.
Rather than in terms of an interface dipole, this
result could be described more appropriately as a
Si-induced deviation from the transitivity rule of
0.42 —0.30= +0.12+0.10 eV for AlAs-Si-GaAs(001)
and 0.46—0.77= —0.31+0.10 eV for GaAs-Si-
A1As(001).

The observed deviations could be quantitatively corre-
lated to violations of the commutativity rule for Si-GaAs
and Si-A1As if the corresponding IV/III-V and III-V/IV
valence-band offsets were to be measured individually.
Such measurements would require reliable determina-
tions of the interface core separation for the Si 2p and
group-III core levels, and estimates of the effect of pseu-
domorphic strain on the core binding energy in Si. The
latter has been recently estimated by a number of au-
thors, ' ' ' but the former is dificult to obtain because
of the small critical thickness of pseudomorphic Si layers
on GaAs. In these conditions we only mention here that
the observed deviations are of the same order of magni-
tude of those expected from recently reported asym-
metries in other IV/III-V interfaces. For example,
valence-band offsets of 0.23+0.05 and 0.46+0.05 eV
have been reported for GaAs-Ge(110) and Ge-GaAs(110)
interfaces, respectively. ' ' The consequent predicted
deviation from the transitivity rule for a hypothetical
GaAs-Ge-GaAs(110) heterostructure would be
0.23 —0.46= —0.23+0.07 eV, if entirely due to the
asymmetry of the two neutral interfaces present in the
system. Since effects similar to those reported here for
A1As-Si-GaAs and GaAs-Si-A1As structures are also ob-
served for AlAs-Ge-GaAs and GaAs-Ge-A1As structures
(Ref. 21), this argument seems to us especially relevant.

We also mention that valence-band offsets of 0.35-0.45
eV have been recently reported in Ge-Ge(111) and Si-
Si(111) homoj unctions involving amorphous over-
layers ' as a result of the fabrication of GaAs and GaP
layers, respectively, at the interface. Such offsets are sen-

sibly smaller than those predicted by theory ' ' ' for
charged IV/III-V and III-V/IV interfaces, and this may
indicate that individual neutral interfaces are formed also
in IV/III-V/IV structures.

In the past, monolayer coverages of metallic impurities
have been shown to cause changes in band offsets in
several heterojunction systems involving nonpolar sub-
strate surfaces and amorphous Si or Ge overlayers.
Proposed explanations involved an electronegativity-
induced asymmetric charge transfer from the interface
species to the two semiconductors, or a Schottky-like
correction to the heterojunction band lineup determined

by the local work function of the metallic interface
species. In the case of AIAs-Si-GaAs(001) and GaAs-
Si-A1As(001) heterostructures, the same nonmetallic am-

photeric interface chemical species is found to decrease
or increase the band offset depending on the growth se-

quence, and the maximum interface dipole is observed at
a Si coverage well below a monolayer. This phenomenol-

ogy is dificult to reconcile with the simple models of
Refs. 63 and 64 without introducing new parameters such
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as a local electronegativity or work function dependent
on orientation and Si coverage, which would be difficult
to determine independently.

A different method to control band discontinuities
through the fabrication of 5-doped layers close to the in-
terface has been recently proposed by Shen et al. A p-
type 5-doped layer grown by MBE in GaAs 50 A away
from a n-isotype InAs-GaAs heterojunction was found to
increase by 0.56 eV the effective barrier height for elec-
tron injection across the junction. This effect is reported-
ly due to the modulation of the conduction-band-Fermi-
level separation on the scale of 2000—3000 A in the pres-
ence of the p-type 5-doped layer in the n-type matrix.
This mechanism cannot be invoked to explain our results
for A1As-Si-GaAs for three main reasons. First, our sam-
pling depth is determined by the photoelectron escape
depth and probes the valence-band offset on an atomic
scale rather than the long-range electrostatic potential.
Secondly, the 5-doping mechanism is expected to in-
crease the effective barrier height in isotype heterojunc-
tion with opposite doping, while our results indicate
(Table II) that an identical change in valence-band offset
is detected for n-isotype as well as p-isotype heterojunc-
tions. Finally, the position of the Fermi level at the inter-
face does not appear to correlate with the presence of a
5-doped layer in one or the other of the two III-V semi-
conductors comprising the junction. For example, from
the core binding energies relative to the Fermi level, we
see that in A1As-Si-GaAs(001) heterostructures (0.5 ML
Si} the position of the Fermi level varies as much as 0.6
eV from sample to sample, with the average position be-
ing some 1.1 eV above both E„(GaAs)and E„(A1As). In
GaAs-Si-A1As(001) heterostructures (0.5 ML Si), the po-
sition of the Fermi level varies by as much as 0.6 eV also,
with the average position being some 1.3 eV above
E„(A1As)and 0.5 eV above E,(GaAs).

Several authors suggested that the growth of a Si inter-
face layer in a III-V MBE system may give rise to a high-
ly doped Si layer because of residual As in the growth
chamber, and that the Fermi level at the junction may be
pinned near the Si conduction-band minimum. For
a fully developed strained Si layer, E„(Si)would lie
0.39+0.10 eV above E„(GaAs) in Si-GaAs(001) struc-
tures, and l.02%0. 10 eV above E„(A1As) in pseu-
domorphic Si-A1As(001) structures. ' People calculat-
ed that the band gap of coherently strained Si layers on
Ge (and therefore also on GaAs) would be reduced by
45% (0.61 eV). Consequently, the conduction-band
minimum E,(Si) would lie 1.0+0.2 eV above E„(GaAs}
on GaAs(001} substrates and 1.6+0.2 eV above E„(A1As)
on A1As(001} substrates. Such locations can be compared
with the average positions of the interface Fermi level de-
rived above of 1.1 and 1.3 eV from the substrate valence-
band maximum, respectively. The comparison would
suggest that the Fermi level at the interface tends to be
pinned near the position of the Si conduction-band
minimum at the Si-substrate junction. However, we cau-
tion the reader that the position of the Fermi level varies

by as much as +0.6 eV from sample to sample, and that
in the 0.5 —2.0-ML Si coverage range the Si band struc-
ture is unlikely to be fully developed.

IV. CONCLUSIONS

Pseudomorphic Si interface layers can be grown by a
suitable combination of high-rate and low-temperature
deposition in A1As-GaAs heterojunctions as well as
GaAs-GaAs homojunctions by molecular-beam epitaxy.
The onset of strain relaxation is observed for Si thickness
of 4—8 ML's, with large relaxation observed at 14 ML's.

While GaAs-A1As(001) and A1As-GaAs(001) hetero-
junction band offsets follow remarkably well the commu-
tativity rule, GaAs-Si-A1As(001} and A1As-Si-GaAs(001)
structures exhibit deviations from the transitivity rule of
up to 0.4 eV. The magnitude of the deviation varies non-
monotonically with Si interface layer thickness, and is
maximum at a Si coverage of 0.5 ML.

Heterojunction models in which Si/III-V interfaces are
charged account for the direction and order of magnitude
of the observed deviation, provided that the Si interface
layer is fabricated on an As-terminated substrate, and
that the growth of the III-V overlayer is cation initiated
in all cases. The observed saturation of the interface di-
pole at Si coverages of 2-4 ML's, however, suggests that,
at least in the high-Si-coverage limit, the deviations from
the transitivity rule may reQect asymmetries in neutral
Si/III-V and III-V/Si interfaces. Such neutral individual
junctions may be formed through cation or anion swaps
across the interfaces, as suggested by several authors.

Whatever the actual charge state of the individual in-
terfaces might be, the fabrication of group-IV pseu-
domorphic layers at the interface offers a reproducible
way of tailoring A1As-GaAs band offsets in an unpre-
cedentedly wide range of energies (0.8 eV). The position
of the Fermi level at the interface is approximately con-
sistent with the location of the conduction-band
minimum in pseudomorphic Si layers on GaAs or A1As
substrates, although it is difficult to see how fully
developed n +-Si/III-V heterojunctions may already exist
at Si coverages well below 1 ML.

Preliminary x-ray-diffraction studies indicate that Si-
GaAs(001) superlattices and multiple-quantum-well
structures can be fabricated with the same methodology.
This will make it possible to probe by optical methods the
neutral versus charged state of IV/III-V interfaces and
the existence of macroscopic electrostatic fields.
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