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Experimental station for the preparation and analysis of semiconductor
interfaces such as those imaged in the insets. Ross Bringans and Lars-Erik
Swartz at the Xerox Palo Alto Research Center prepare samples by molecular
beam epitaxy in the chamber at the right in the photo; they transfer the samples
under ultrahigh vacuum to the analysis chamber at the left and probe their
electronic structures using photons from laboratory sources or from the SPEAR
storage ring at Stanford. The interfaces shown in the two lattice-imaging
transmission electron micrographs are between gallium arsenide and silicon.
The upper image shows a semicircular island of GaAs grown on Si by David
Biegelsen using molecular beam epitaxy; the base of the island is about 40 nm.
The light horizontal line in the lower image is an interface prepared by Robert D.
Burnham using metal-organic chemical vapor deposition; GaAs is above the line
and Si is below it. Investigators are using synchrotron radiation spectroscopies
sensitive to surfaces to explore the atomic and electronic structures of these
and other heterojunction interfaces. (Micrographs courtesy of Fernando
Ponce.) Figure 1
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Probing semiconductor—
semiconductor interfaces

Synchrotron radiation studies are shedding light on the theoretically complex
regions between different semiconductors, bringing closer the goal of predicting
band structures at the meV accuracies necessary for device applications.

Robert S. Bauer and Giorgio Margaritondo

Almost every aspect of modern life is
affected by a practical result of re-
search in condensed matter physics:
semiconductor devices. The perfor-
mance of these solid-state devices is
determined largely by the physical
properties of the interfaces within
them. It is the properties of interfaces
in rectifying metal-semiconductor
Jjunctions, ohmic contacts, metal-ox-
ide-semiconductor structures and p-n
Junctions, for example, that determine
the performance of such devices as
infrared detectors, microwave ampli-
fiers, computer processors and laser
diodes, respectively.

The commercial application of inter-
faces depends on the details of their
energy band structures. Hence to ex-
ploit interfaces most effectively, one
must understand their electronic struc-
tures. Homojunctions—the interfaces
between differently doped versions of
the same semiconducting material—
are well understood. The physical
properties of the homojunction are
determined primarily by the junction
electric field, which corresponds to the
bending of the valence and conduction
bands across the interface. Other im-
portant factors in determining the
characteristics of homojunctions are
bulk properties of the semiconducting
material—the mobility of carriers and
the width E, of the forbidden gap, for
example.

While the physical properties of ho-
mojunctions are well understood and
pose no obstacle to their widespread
practical application, the same cannot
be said for heterojunctions—the inter-
faces between different semiconducting
materials (figure 1). The heterojunc-
tion is governed by two sets of semicon-
ductor parameters, corresponding to
the two different component materials.
In principle this makes the design of
heterojunction devices more flexible
than that of homojunction devices.
The price of this flexibility is the
increased complexity of the atomic and
electronic structures of the interface,
which makes the physical properties of
the interface more difficult to under-
stand and exploit. Heterojunctions
nevertheless find use in many devices,
including high-efficiency solar cells,
radiation-resistant integrated circuits
and optical sources. Figure 2 illus-
trates the basic differences between
homojunction interfaces and the more
complex heterojunction interfaces,
which are the focus of this article.

In recent years the availability of
synchrotron radiation has enabled ex-
perimenters to explore the complex
structure of heterojunctions with in-
creasing effectiveness. Synchrotron
radiation sources supply intense beams
of high-energy photons with tunable
wavelengths, enhancing the sensitivity
of photoemission spectroscopy in ex-

ploring the microscopic properties of
all kinds of solid interfaces. Progress
in heterojunction interface research
due to the widespread application of
synchrotron radiation is likely to accel-
erate as new, high-brightness sources
come on line.

Band discontinuities

The edges of the valence and conduc-
tion bands are discontinuous across the
heterojunction interface. These dis-
continuities, AF, and AE,, accommo-
date the difference between the two
bandgaps and have no counterpart in
homojunctions. The discontinuities
have a profound influence on carrier
transport properties both along and
across the heterojunction. Designing a
device around a particular heterojunc-
tion requires precise knowledge of the
band discontinuities. Alternatively,
one can attempt to control the discon-
tinuities to tailor the properties of the
heterojunction to particular applica-
tions. These approaches are equally
important for the design of “superlat-
tices,” which are periodic combinations
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Homojunction and
heterojunction band
structures. For the p-n
homojunction, £, is
the forbidden gap, E-
is the Fermi level and
E, and E. are the
valence and
conduction band
edges. The
heterojunction has two
forbidden gaps, £,
and E,;,
corresponding to its
two component
semiconductors. The
difference between
these two gaps is
shared between the
valence band
discontinuity AE, and
the conduction band
discontinuity AE. .
These discontinuities,
not present in
homojunctions,
determine the
performance of

b heterojunction

E. devices. Figure 2

of heterojunctions.

It is apparent from figure 2 that the
change in the size of the bandgap across
the interface is equal to the total
discontinuity in the valence and con-
duction bands:

E, — E,, = AE, + AE,

gl
How is the gap difference distributed
between the valence band discontin-
uity and the conduction band discontin-
uity? Theorists have been studying
this deceptively simple problem for
over 25 years."”'"” The problem has not
yet been solved either theoretically or
experimentally with the milli-electron-
volt accuracy suitable for practical
applications in optoelectronics and mi-
croelectronics.

The difficulty in understanding the
band ‘“lineup”’—the positions of the
valence and conduction band edges on
one side of the interface relative to the
edges on the other side of the inter-
face—originates in the microscopic na-
ture of the problem. The band discon-
tinuities may depend on both intrinsic
and extrinsic characteristics of the two
semiconductors. Lattice constants and
bandgaps are examples of intrinsic
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factors, while extrinsic factors include
chemical impurities, structural defects,
atomic intersection of two materials,
interface bonds between heterogeneous
species, and lattice distortion at inter-
faces. All these microscopic factors can
contribute to the interface dipole and
therefore influence the band lineup.'
However, such influences as defect di-
poles and Fermi-level pinning appear to
be less important for heterointerfaces
than for other semiconductor inter-
faces.

Because the band lineup problem
deals with the microscopic structure of
the interface, it is a natural field for
surface-sensitive experimental tech-
niques with high spatial resolution.
Photoemission spectroscopy using
synchrotron radiation is a leading ex-
ample of such techniques. The impor-
tance of synchrotron radiation to heter-
ojunction research is made clear by the
dependence of the escape depth for
photoelectrons on their kinetic energy.
The escape depth is the distance an
electron beam of well-defined energy
travels in a solid before its intensity is
attenuated by a factor of e. Thusitisa
measure of the thickness of the region

that is probed by the photoemission
technique.

One can control the kinetic energy of
the photoelectron by modifying the
energy of the photon. Because the
escape depth exhibits a minimum of
less than 1 nm at 50-150 eV, this is the
range at which the surface sensitivity
of photoemission is greatest and there-
fore best for semiconductor interface
research. Kinetic energies of 50-150
eV correspond to photon energies of 55-
350 eV for the valence band and first-
shell core electrons of most semicon-
ductor heterojunction interfaces. Such
photon energies are available only
from synchrotron radiation sources.
The widespread use of synchrotron
radiation photoemission in heterojunc-
tion research has advanced our under-
standing of band lineups.

Improved methods for preparing
atomically abrupt interfaces through
molecular beam epitaxy and metal-
organic chemical vapor deposition have
been another crucial factor in both
scientific and technological progress.
These advanced techniques yield ex-
tremely high quality interfaces. In
particular they closely control the mi-
croscopic chemical composition and
give excellent crystalline structure
across the interface. The lattice-imag-
ing transmission electron micrographs
in figure 1 show an example: interfaces
between gallium arsenide and silicon,
prepared through molecular beam epi-
taxy and metal-organic chemical vapor
deposition.
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The excellent quality of such inter-
faces is an important factor in modern
experiments on heterojunctions. Fur-
thermore, the flexibility of the new
techniques for preparing interfaces en-
hances fundamental scientific interest
in heterojunctions by making it possi-
ble to produce new crystals not present
in nature. For example, computer-
controlled epitaxial growth can pro-
duce multilayers with periedic stacking
of different materials. This gives a one-
dimensional translational symmetry
with periods that can be much larger
than those found in a typical crystal.
The fundamental and practical proper-
ties of heterojunction multilayers open
up a new area of condensed matter
physics and technology.

Of equal scientific interest are bond-
stretched overlayers. These are thin
films grown on top of a substrate with
substantial lattice mismatch. In gen-
eral the lattice mismatch is compen-
sated by misfit dislocations. In several
cases, however, the overlayer grows
free of misfit dislocations through
strain accommodation up to a certain
critical thickness: The overlayer
atoms are in positions that correspond
to the substrate lattice, with their
chemical bonds stretched with respect
to a normal crystal. Thus in the plane
parallel to the interface it becomes
possible to grow crystals of one com-
pound with the structure of another.
Repeated layers of this type are re-
ferred to as strained-layer superlat-
tices. (See the article by John C. Bean,
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Valence band discontinuity AE, and photoemission spectrum of the ZnSe/Ge interface.
The photoemission spectrum was made by directing soft x-ray synchrotron radiation at a thin
layer of germanium deposited on cleaved zinc selenide. The resulting photoelectrons come
from the valence band. The photoelectron kinetic energy scale has been shifted toward
lower values by an amount equal to the photon energy. The colored line points to the
valence band edge of the ZnSe substrate; the energy where the data go to zero is the

valence band edge of Ge.

pPHYSICS TODAY, October, page 36.)

The novel properties of such hetero-
junction systems and their potential
applications are extremely exciting.
By combining advanced interface prep-
aration techniques and surface-sensi-
tive synchrotron radiation probes, one
can establish a direct link between
experimental physics research and de-
vice characteristics. The sophistica-
tion and complexity of these probes
preclude their direct use in the manu-
facture of components. However, by
taking advantage of the unique ability
of synchrotron radiation techniques to
correlate device characteristics with
chemical and physical features we will
be able to develop the basis for further
technological advances.

Synchrotron radiation photoemission

Since the mid-1970s, physicists have
investigated a variety of heterojunction
interfaces using experimental tech-
niques that are sensitive to surfaces.
Such research is important because as
solid-state devices get smaller and
more sophisticated, their performance
is increasingly influenced by the local
properties of their interfaces. Conven-
tional techniques investigate interfaces
only indirectly because they do not
probe locally. Direct investigations can
be achieved with surface-sensitive tech-
niques such as Auger electron spectros-
copy, electron energy loss spectroscopy,
low-energy electron diffraction, photoe-
mission spectroscopy and electron mi-
Croscopy.

Figure 3

Photoemission spectroscopy with
synchrotron radiation has emerged as a
leading experimental technique for
semiconductor interface studies, and
for heterojunction research in particu-
lar. The spectroscopy of photoelectrons
generated by synchrotron radiation
has all the advantages of conventional
photoemission spectroscopy, with addi-
tional flexibility made possible by the
photon source. Both conventional pho-
toemission and synchrotron radiation
photoemission use the photoelectric
effect to get information on the elec-
tronic structure of the sample. Con-
ventional photoemission extracts the
information by analyzing the energy
distribution, and in some cases the
direction of emission, of photoelectrons
produced by photons of constant ener-
gy. Thus only electron parameters are
scanned.

With a synchrotron radiation source,
one can also control and scan the
photon parameters—energy and polar-
ization—and therefore extract more
information from the photoelectric pro-
cess. As we already discussed, one can
adjust the photon energy to maximize
the surface sensitivity of the technique.
Furthermore, photoemission spectra
taken with different photon energies
can provide a layer-by-layer picture of
the chemical and electronic structures
of the interface.

The feasibility of using synchrotron
radiation photoemission to study heter-
ojunction interfaces was demonstrated
for the first time in 1977 by Bauer and
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Alternative
photoemission method
for measuring the
discontinuity AE,. a:
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core levels C, and C..
The labels £5, and
E.. represent the
distances in energy

between the core
levels and the valence
band edges, and D, ,
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distance between the

Valence band

Eay

core levels. One can
Ea: derive the discontinuity
AE, from
photoemission
measurements of
these quantities.

b: Plots of the
experimental positions

Co of the valence band
edges and the
cadmium 4d core level
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coverage on a
cadmium sulfide
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discontinuity AE,
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value derived directly

s ' from the double edge

ENERGY POSITION (electron volls)

Oy ™

in the valence band
spectrum. Figure 4

AE,

==

Cd 4d

SILICON COVERAGE (angstroms)

his collaborators at Xerox Corporation
in Palo Alto, California,'? and by Paolo
Perfetti and his coworkers at Berkeley
and Frascati.'® Physicists have since
performed'* many experiments with
this technique. Photoemission gives a
direct measure of the electronic struc-
ture of a heterojunction interface, in-
cluding its band discontinuities. Fig-
ure 3 illustrates this point. The left
side of the figure shows the band
diagram of an abrupt heterojunction
interface between zinc selenide and
germanium. The band bending is neg-
ligible over the narrow region pictured
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in the figure. The right side shows a
photoemission spectrum taken with
high surface sensitivity on a cleaved
ZnSe(110) substrate covered by a thin
Ge overlayer. To a first approximation
this spectrum reflects the local density
of electronic states of the system. Note
in particular the characteristic double-
edge structure arising from the zinc
selenide and germanium valence band
edges. This structure directly reflects
the valence band discontinuity.

One can use the photoemission spec-
trum to make a quantitative estimate
of the valence band discontinuity A, .

Unfortunately a double-edge structure
is resolved in the spectrum only when
the valence band discontinuity is at
least several hundred meV. Photoe-
mission measurements of core elec
trons—a less direct method—must be
used when the discontinuity is
small.'>"* The distance between the
two valence band edges is related to the
distance between core levels on each
side of the interface, as figure 4a shows.
By measuring the energies of corre-
sponding core-level peaks in the photo-
emission spectra one can obtain esfi-
mates of the discontinuity AE, for
virtually all interfaces to an accuracy
of +0.1 eV, independent of band-
bending effects.

Figure 4b shows an example of this
approach; here the energies of photoe-
mission features of a cleaved cadmium
sulfide substrate covered by silicon are
plotted as a function of the overlayer
thickness. The estimate of the discon-
tinuity AE, given in the figure is the
asymptotic distance in energy between
the two valence band edges, E, c4s and
E,. . However, the energy of the edge
E, cas 1s not determined directly from
the spectra, but is derived from the
clean-surface energy corrected for the
shift of the cadmium 4d core level. For
this interface one can also measure the
discontinuity AE, directly from the
double edges in the valence band spec-
tra. Both approaches give a valence
band discontinuity AE_ of 1.55-1.60
eV. This demonstrates the consistency
of different synchrotron radiation pho




toemission methods in measuring he-
terojunction band lineups.

There have been two kinds of syn-
chrotron radiation photoemission ex-
periments on heterojunction inter-
faces. First, investigators have made
an extensive effort to measure the
discontinuity AE, in a large number of
interfaces. Physicists have used the
resulting data base to assess the quality
of the many theories on band lineups
developed over the past 25 years. Sec-
ond, intensive experiments have exam-
ined the effects on the discontinuity
AE, of many factors, including crystal
orientation, deposition sequence and
controlled contamination. This two-
sided approach has told us much about
the physical origin of heterojunction
band discontinuities.

The versatility of soft x-ray photoe-
mission studies using synchrotron radi-
ation has been a crucial factor in this
progress. A single set of data can give
| direct information on the microscopic
¢ chemical and electronic structures of
| an interface. The same data give'® the
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Model of interface evolution. a: Schematic representation of the

Metastable
GeAs,
phase forms

simplest model for the evolution of the interface obtained by
depositing germanium on the (100) surface of gallium arsenide. The
interface evolves as the overlayer thickness increases. Solid circles

represent arsenic atoms; open circles, gallium; shaded circles,
germanium. b: Typical behavior of the valence band offset for the
same system as a function of Ge coverage. The dashed line
represents the region in which the electronic structure of the Ge

valence band edge is not fully developed.

band lineup across the interface and
the band bending at the surface. Thus
a single experiment measures the most
important interface properties and ex-
plores the physical and chemical fac-
tors that determine them.

Use of such an efficient technique is
made necessary by the complexity of
the process by which interfaces form.
Figure 5a shows a simple scheme for
the evolution of the microscopic chemi-
cal structure of the interface obtained
by depositing germanium on the (100)
surface of gallium arsenide. Figure 5b
shows the parallel evolution of the
band lineup. Because the chemical
structure influences the band lineup, it
is necessary to know the structure in
detail at each stage of the process. One
determines this chemical structure by
carefully analyzing the core-level pho-
toemission spectra of the various chem-
ical components of the interface. Such
an analysis is possible, however, only if
the energy resolution of the photoemis-
sion spectra is high and if the interface
signal is not mixed with a stronger

Figure 5

signal from the substrate. Both re-
quirements indicate the use of a syn-
chrotron radiation source.

The continuous tunability of synch-
rotron radiation sources allows one to
conduct unconventional core-level pho-
toemission studies that are very helpful
in semiconductor interface research.
For example, one can measure the
dependence on photon energy of the
photoelectron signal strength for core
electrons of a fixed initial energy or for
photoelectrons of a fixed final kinetic
energy. In this way one obtains stan-
dard spectroscopic “fingerprints” for
the interface structure under study. In
the case of the interface between silicon
and silicon dioxide, for example, corre-
lations between the photoelectron en-
ergy distribution taken at constant
photon energy (figure 6a) and the
photon energy dependence of the pho-
toemission signal at constant photo-
electron kinetic energy (figure 6b) can
suggest rather detailed models for the
structure of the atomic interface (fig-
ure 6c).
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Analysis of oxidized
silicon surface.

a: Energy distribution
of silicon 2p core-level
photoelectrons
produced by 150-eV
synchrotron radiation
photons from a Si(111)
surface oxidized by
exposure to excited
oxygen molecules.
The exposure level for
each curve is shown in
kilolangmuirs (1 L is 1
torr sec).

b: Dependence of the
photoemission signal
strength on photon
energy, measured at a
fixed photoelectron
kinetic energy of 63 eV
(4 eV for the SiO,
curve). Curves for two
different exposure
levels are shown with
data for pure SiO and
Si0,. c: Model of the
interface derived from
correlations between
the chemical shifts of
core levels (a) and the
spectral signatures of
local interactions (b).
Figure 6

Certainly, important problems re-
main. For example, synchrotron radi-
ation photoemission measures the band
offset for a semiconductor substrate
covered by a rather thin overlayer of
another semiconductor. One must
clarify the relation between this offset
and the offset present at “buried”
interfaces in real devices. Further-
more, the precision of photoelectron
spectroscopy in measuring band discon-
tinuities must be improved. There is
no doubt, however, that synchrotron
radiation is a unique tool for correlat-
ing the physical, chemical and struec-
tural characteristics of heterojunctions
on an atomic scale.

The band lineup problem

The oldest theoretical approach’ for
determining the lineup of valence and
conduction bands across an interface is
to use the electron affinity rule and to
neglect completely the specific micro-
scopic charge distribution at the inter-
face. One estimates the conduction
band discontinuity from the value of
the conduction band edges as measured
on an absolute energy scale whose zero
coincides with the vacuum level. One
in turn estimates the energy of each
conduction band edge from the electron
affinity of the corresponding semicon-
ductor, measured with electron spec-
troscopy at the surface or estimated
through other experiments.

The electron affinity rule is afflicted
by many problems other than its ne-
glect of the microscopic electronic
structure at the interface. For exam-
ple, it estimates the absolute position of
the conduction band edge—supposedly
an intrinsic bulk property of each
semiconductor—from the electron af-
finity—a property of the surface on
which it is measured. Old measure-
ments on poorly characterized surfaces
were responsible for large differences
in the electron affinity data, which
made it impossible to test the real
limits of the electron affinity rule.
Modified versions of this approach
tried'* to remove some of its funda-
mental problems or to identify the
specific causes of its limits. Its prob-
lems notwithstanding, the rule has
been used extensively and for many
years in applied heterojunction re-
search. Recently synchrotron radi-
ation measurements provided strong



evidence against it.'®

The approach of considering the
band edge positions on an absolute
scale while neglecting the specific in-
terface charge distribution is not
unique to the electron affinity rule.
Other models estimate®® the absolute
energies of the band edges through
theoretical methods rather than ex-
perimental data. Alex Zunger and his
collaborators at the Solar Energy Re-
search Institute in Golden, Colorado,
and other investigators propose to
estimate empirically the absolute ener-
gy positions of the band edges from
deep impurity levels rather than from
electron affinities.

In 1983 Ahmad Katnani and Margar-
itondo at the University of Wisconsin,
Madison, developed'* an empirical opti-
mization of this class of theories. They
used the valence band discontinuities
AE, measured by soft x-ray synchro-
tron radiation photoemission and a
least-squares method to estimate the
absolute positions of the valence band
edges. The table on page 34 contains
an updated version of the results. The
top of the germanium valence band is
arbitrarily used as the zero of the
energy scale. The choice of a zero is of
course irrelevant to the estimate of the
discontinuity AE,, which is made by
subtracting the two appropriate terms
in the table.

This empirical optimization pushes
the above theories to the limit of their
accuracy. Unfortunately this limit ap-
pears to be very far from that required
for device modeling, where one needs
an accuracy better than kT at room
temperature—that is, an accuracy of a
few meV—in predicting the band line-
up. No current model is able to reach
that kind of accuracy. This sobering
conclusion argues against the casual
use of band lineup models in technolo-
gical research.

Another realization is that simple
ideas about band lineups may not work,
and often cause confusion. Consider
for example the technologically impor-
tant interfaces between GaAs and AlAs
or Al, _,Ga,As. Because valence band
states are derived primarily from an-
ions, one could argue that the valence
band edges of GaAs and AlAs, com-
pounds that have a common anion,
should be close in energy on an abso-
lute scale.®>!! In fact it was believed for

many years that the bandgap differ-
ence for the above interfaces was ab-
sorbed primarily by the conduction
band discontinuity. This seemingly
well-established fact was eventually
proved to be wrong. It is now clear
from photoemission and other experi-
ments that the discontinuities AE, and
AE. for the interface between GaAs
and AlAs are more nearly equal than
was thought. Thus arguments based
on the common anion of the two compo-
nents are misleading in predicting
band lineups.

A detailed understanding of the
chemical and electrostatic influences
on the energy band structure will
prepare the way for theoretical predic-
tion of the discontinuity values on the
technologically important scale of a
few meV. Other methods for analyzing
interfaces, such as those based on
luminescence and capacitance-voltage
measurements, can provide meV preci-
sion. However, they will have to be
carefully correlated with other tech-
niques if they are to uncover both
chemical and physical properties. Syn-
chrotron radiation photoemission si-
multaneously probes such a broad
range of interface properties.

Interface charge distribution

How can we predict the band lineup
with an accuracy suitable for technolo-

gical application? Ideally we would
calculate in detail the electronic struc-
tures of “realistic” interfaces and ob-
tain the band discontinuities as by-
products. Self-consistent pseudopoten—
tial methods have made great progress’
toward this goal. The detailed descrip-
tion of a real interface, however, is
beyond the present—and perhaps fu-
ture—capabilities of solid-state theory.
The charge distributions at different
interfaces may have enough common
characteristics to be treatable, at least
in first approximation, with a general-
ized model. Several theorists have
taken this approach, most notably Jer-
ry Tersoff at IBM® and Fernando Flores
and his collaborators at the University
of Madrid, Spain.” Their approaches
belong to a general class of semiconduc-
tor interface theories inspired by
Volker Heine’s concept of electron
wavefunctions tailing from the metal
into the semiconductor gap in a
Schottky diode. Although several theo-

rists have criticized' this approach,
Tersoff achieved® reasonable accuracy
in using it to predict valence band
discontinuities. The accuracy, how-
ever, is still far from that required for
technology. Quite interestingly, Ter-
soff predicts a direct correlation
between Schottky barriers and hetero-
junction band discontinuities. Several
experimenters are using synchrotron
radiation and other probes to test this
prediction, and they have reported
somewhat conflicting results.

The failure of current theories to
predict band lineups with the accuracy
required for technological application
emphasizes the need for further theo-
retical work. Realistically speaking,
however, one cannot expect theorists to
handle all the factors that could a
priori influence the band lineup. Ex-
perimenters must therefore explore
these factors and assess their impor-
tance empirically by producing com-
plete and detailed experimental char-
acterizations of the geometric, chemi-
cal and electronic structures of
interfaces. Because such characteriza-
tions are time consuming they can be
done for only a small number of “proto-
typical” interfaces.

Even before we complete the picture
of interface structure, the challenging
research involved will produce valu-
able results by identifying at least some
of the most important factors affecting
the band lineup. We can exploit these
factors to control the band lineup and
to adjust the discontinuities to fit the
needs of specific applications. This
capability opens up an entirely new
branch of device engineering.

Federico Capasso and his coworkers
at AT&T Bell Laboratories succeeded'®
in modifying band lineups by control-
ling the doping in the interface region.
Experiments at Xerox, at the Jet Pro-
pulsion Laboratory, at the Frascati
National Laboratory in Italy and at the
University of Wisconsin, Madison,
have produced'” very large changes in
band lineups by controlled contamina-
tion of interfaces. Contamination of an
Si/Si0, interface with approximately a
monolayer of hydrogen, for example,
changes the valence band discontinuity
by up to 0.5 eV. Such process-depen-
dent variations suggest that for some
interfaces we may be able to treat
interface barriers as adjustable param-
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Energies of valence band edges

Semiconductor E,
(eV)
Ge 0.00
Si —0.16
a-Sn 0.22
AlAs —0.78
AlSb — 0.61
GaAs —0.35
GaP —0.89
GaSb - 0.21
InAs —0.28
InP —0.69
InSb —0.09
CdS —1.74
CdSe —1.33
CdTe —0.88
ZnSe —1.40
ZnTe —1.00
PbTe —0.35
HgTe —0.75
CuBr — 0.87
GaSe —0.85
CulnSe. —0.33
CuGaSe, —0.62
ZnSnP, —0.48

Positions of the band edges are given relative to the
valence band edge of germanium. The diffierence
betwaen two terms gives a first-order estimate of the
discontinuity AE, .

eters. For other lattice-matched sys-
tems of technological interest even
drastic chemical and structural modifi-
cations may not provide effective vari-
ability.'® These important issues moti-
vate fundamental research in the field.

Future directions

The major trend in heterojunction
research is to go beyond theories that
neglect the complex microscopic distri-
bution of charge at the interface and to
reach technologically useful accuracies
both in theory and in experiment.
Another important trend is the study of
artificial microstructures such as peri-
odic multilayers and bond-stretched
overlayers, novel systems that extend
the boundaries of solid-state physics.
The exploration of the fundamental
properties of these systems for both
scientific and technological reasons
promises exciting theoretical and ex-
perimental work. Synchrotron radi-
ation photoemission studies of hetero-
junction interfaces will be an impor-
tant component of this expanding area
of research.

Advances in synchrotron radiation
instrumentation will play a major role
in the future of heterojunction re-
search. New sources such as the Ad-
vanced Light Source at Berkeley, the
low-emittance ring at Trieste and the
6-7-GeV rings at Argonne and Greno-
ble will have unprecedented brilliance.
Technical improvements in optical
components such as x-ray mirrors,
detectors and monochromators will en-
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able experimenters to exploit fully the
enhanced brightness. This will make it
possible to reach new performance
limits in photoemission spectroscopy.

Core-level spectroscopy with ultra-
high energy resolution, for example,
will reveal in microscopic detail the
chemical structures of heterojunction
interfaces. Investigators will exploit
the enhanced brilliance of sources to do
synchrotron radiation experiments
with high lateral resolution. Together
with advanced microscopies such as
scanning tunneling electron micros-
copy, the new synchrotron radiation
technologies will allow us to stop simu-
lating interfaces with their two-dimen-
sional space averages and to start
exploring interfaces as, in many cases,
they really are: laterally inhomoge-
neous. ok

Herman Winick was guest editor for the
PHYSICS TODAY series of articles on synchro-
tron radiation.
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