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The advances in solid-state device 
technology that have taken place since 
the invention of the transistor have re- 
quired constant improvements in meth- 
ods for preparing and processing semi- 
conductors with precise dimensional and 
compositional constraints. In addition to 
spectacular growth in the technology of 
silicon for integrated circuits with in- 
creasingly larger densities of devices and 
functions, there has been steady prog- 
ress in electronics technology into opti- 

GaAs and AlxGa_xAs, or InP and Gax- 
Inl-,P0As,-y with the correct ratio of x 
to y, the size of the crystal lattice can 
be kept virtually unchanged in spite of 
the compositional variations, so that 
changes in important electrical and opti- 
cal properties can be achieved in very 
small regions of the crystal without seri- 
ously perturbing the crystal structure. 

Most of the binary III-V compounds 
are manufactured as large single-crystal 
ingots that are sliced into wafers to be 

Summary. Molecular beam epitaxy is an ultrahigh vacuum technique for growing 
very thin epitaxial layers of semiconductor crystals. Because it is inherently a slow 
growth process, extreme dimensional control over both major compositional varia- 
tions and impurity incorporation can be achieved. The result is that it has been pos- 
sible, with one combination of lattice-matched semiconductors, GaAs and Alx- 
Ga1_xAs, to demonstrate a large variety of novel single-crystal structures. These re- 
sults have important implications for fundamental studies of the physics of thin-lay- 
ered structures and for the development of new semiconductor electronic and 
optoelectronic devices. 

cal and microwave frequencies that has 
directed interest to several compound 
semiconductors. These are usually either 
binary compounds of one of the group III 
elements Al, Ga, and In and one of the 
group V elements P, As, and Sb, or crys- 
talline solid solutions of the binary com- 
pounds such as AlxGal_xAs or Gax- 
Inl-xP,Asi-, with 0 - x,y < 1. 

The III-V semiconductors have the 
same gross electronic bonding structure 
as the better known semiconductors Si 
and Ge; but because of differences in the 
detailed nature of that structure, they are 
sometimes more useful for microwave 
devices and always more useful as light- 
emitting devices. In addition, the ability 
of III-V compounds to form solid solu- 
tions means that abrupt transitions in 
such properties as the energy of the for- 
bidden energy gap and the refractive in- 
dex can be achieved by compositional 
changes. For some combinations of 
these semiconductors, most notably 
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used for device fabrication. Frequently, 
in order to capitalize on the versatility of 
the III-V semiconductors for solid-state 
devices, these single-crystal wafers are 
used as substrates for the subsequent 
growth of very thin layers of the same or 
other III-V compounds having the de- 
sired electronic or optical properties. 
This must be done in such a way as to 
continue, in the grown layer, the crystal 
structure of the substrate. Such crystal 
growth, in which the substrate deter-. 
mines the crystallinity and orientation of 
the grown layer, is called epitaxy, and a 
variety of epitaxial growth techniques 
have been developed. The most common 
of these are vapor phase epitaxy (VPE) 
and liquid phase epitaxy (LPE). The 
former utilizes a heated stream of gase- 
ous elements or compounds that interact 
at the surface of the substrate to form the 
crystalline layer. In the latter the same 
end is accomplished by cooling a heated 
metallic solution saturated with the com- 
ponents needed to grow the layer, while 
that solution is in contact with the sub- 
strate. 
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In addition to VPE and LPE, vacuum 
epitaxy has been studied. Gunther (1, 2) 
showed in 1958 that thin films of poly- 
crystalline III-V compounds could be 
grown when the elements comprising the 
semiconductor were evaporated in a vac- 
uum system with heated walls onto a 
heated substrate material. In 1966 Stein- 
berg and Scruggs (3), using a glass bell 
jar vacuum system without hot walls, 
grew epitaxial GaAs onto a heated NaCl 
single-crystal substrate. Then in 1968 
Davey and Pankey (4) showed that by 
using a heated vacuum system with a 
sufficiently high ambient arsenic pres- 
sure, epitaxial GaAs could be grown 
when a beam of gallium atoms impinged 
on a heated single-crystal GaAs sub- 
strate surface. In the same year Arthur 
(5), using a metal vacuum system that 
did not have heated walls, impinged 
beams of both gallium atoms and arsenic 
molecules onto a heated GaAs substrate 
wafer and obtained epitaxial growth. The 
technique that is now generally called 
molecular beam epitaxy (MBE) derives 
directly from Arthur's work. His use of a 
cool-wall, all-metal vacuum system; im- 
pinging beams of all components; cryo- 
paneling to yield some beam collimation 
and to reduce radiative heating of the 
vacuum system walls by the heated 
beam sources; and fast pumping tech- 
niques to maintain ultrahigh vacuum 
eventually yielded the cleanliness of the 
ultrahigh vacuum that now permits vacu- 
um epitaxy of high-quality semiconduc- 
tor material. 

There has been a vigorous effort over 
the past decade to demonstrate MBE of 
semiconductor materials useful for semi- 
conductor devices. Much of the credit 
for bringing this technology to its present 
state of maturity must be given to Cho 
(6, 7), who used GaAs and AlxGal_xAs 
as prototype materials in most of his 
work. There is now a rather extensive lit- 
erature on MBE as it has become the 
subject of research at many laboratories; 
detailed discussions and bibliographies 
are given in (6-9). 

The work of the past few years has 
clearly demonstrated that MBE is an ex- 
traordinarily versatile epitaxy technique 
that is applicable to a variety of conven- 
tional microwave and optoelectronic de- 
vices. In addition, because of the ex- 
treme dimensional control with MBE, it 
is possible to build essentially new crys- 
tals with periodicities not available in na- 
ture and to prepare structures whose 
properties depend on confinement of 
holes and electrons to crystalline regions 
so small that quantum confinement ef- 
fects become important. 
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Molecular beam epitaxy is, in prin- 
ciple, applicable to the growth of epitaxi- 
al layers of a variety of compound semi- 
conductors, and experimental studies of 
MBE of many different materials have 
been done or are under way in a number 
of laboratories. Particularly notable are 
the studies of InP on InP (10, 11), Ga,- 
Inl-_As on InP (12), InAs and GaSb ul- 
trathin layered structures (13), Si on Si 
(14, 15) and on sapphire (16), and IV-VI 
compounds (17). The MBE efforts on 
InP and Ga,Inl-,P on InP and other III- 
V compounds yield light-emitting de- 
vices and detectors at a variety of wave- 
lengths, mostly in the near infrared. The 
studies of IV-VI compounds do the same 
for devices for the far infrared. The work 
with silicon provides an added degree of 
freedom in doping control and shows 
promise for higher quality Si on sapphire 
(SOS) than is now commonly achieved 
with chemical vapor deposition. In spite 
of the great variety of MBE work on oth- 
er materials, most MBE studies to date 
have been done with GaAs and Al,- 
Gal-_As. For that reason the discus- 
sions presented in this article deal only 
with those semiconductors, which may 
be considered prototypes, at least for 
epitaxy of structures of other III-V 
compounds. 

The Molecular Beam Epitaxy Process 

Reduced to its essentials, a system for 
MBE of GaAs consists of an ultrahigh 
vacuum system containing sources for 
atomic or molecular beams of Ga and As 
and a heated substrate wafer, as illus- 
trated very schematically in Fig. 1. The 
beam sources are usually containers for 
the liquid Ga or solid As. They have an 
orifice that faces the substrate wafer. 
When the container, or effusion oven as 
it is usually called, is heated, atoms of 
Ga or molecules of arsenic effuse from 
the orifice. The effusing species consti- 
tute a beam in which the mean free path 
is large compared to the distance be- 
tween the oven orifice and the substrate 
wafer. If the orifice diameter is small 
compared to the mean free path of the 
gaseous components inside the effusion 
oven, the flux of Ga or As4 at the target 
wafer may readily be shown to depend 
on the partial pressure of the species 
within the oven, the distance from orifice 
to substrate, the temperature, the spe- 
cies molecular weight, and the orifice 
area. Additional ovens, not shown in 
Fig. 1, may be used to generate a beam 
of Al, for the growth of AlxGal_-As, and 
to generate beams of impurity elements 
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Effusion ovens 

Fig. 1. Schematic rep- 
resentation of a mo- Screen 
lecular beam epitaxy Ultra 
system. high 

vacuum 

that can be used to make the epitaxial 
semiconductor n or p type. Most current 
MBE systems have about six effusion 
ovens. The beams may be shut off with 
shutters interposed between the sub- 
strate and the oven orifice, or the beam 
intensity may be varied by varying the 
oven temperature. Also illustrated in 
Fig. 1 is an electron beam that impinges, 
at a glancing angle, on the growing sur- 
face of the crystal for in situ evaluation 
of surface morphology. 

The successful use of MBE for epitaxy 
of GaAs, AI,Gal_-As, and other III-V 
compounds is a direct consequence of 
the behavior of group III atoms and 
group V molecules on striking the heated 
substrate surface. Arthur (5) showed for 
GaAs-and it is true for other III-V com- 
pounds-that there is a range of sub- 
strate temperatures over which virtually 
all of the group III element adsorbs on 
the surface. This holds for the entire usu- 
al temperature range of 450? to 650?C for 
the growth of GaAs. The surface lifetime 
of Ga on GaAs is greater than about 10 
seconds, while the arsenic molecules de- 
sorb rapidly from a heated GaAs surface 
unless adsorbed Ga is present. In the lat- 
ter case the surface lifetime of As in- 
creases as it bonds to the Ga. It de- 
creases again when the excess Ga is con- 
sumed. The result of this is that one As 
atom remains on the surface for each Ga 
atom provided in the Ga beam. For the 
growth of GaAs the 1: 1 ratio of Ga to 
As is maintained in the growing layer 
simply by having the As4 flux be greater 
than the Ga flux. For epitaxy of Al,- 
Gal_-As the ratio of Al to Ga atoms in 
the solid is simply the ratio of the atom 
flux of each during growth, while the ra- 
tio of total group III (Al plus Ga) to As 
atoms in the solid is unity. 

Achievement of high crystalline and 
semiconductor quality of the epitaxial 
layers also requires that clean ultrahigh 
vacuum conditions be maintained and 
that the substrate temperature be suffi- 

ciently high that the atoms adsorbing on 
the surface are mobile enough to migrate 
to the proper crystal sites. For GaAs, 
growth usually takes place with a sub- 
strate temperature above 450 C, and for 
AIlGa,_-As the temperature is usually 
above 550 ? or even 600 ?C. 

Electron Diffraction and 

Surface Morphology 

Molecular beam epitaxy is unique 
among crystal growth techniques in that 
it is possible to examine the crystal sur- 
face in some detail during the growth 
process. The electron beam shown in 
Fig. 1 is diffracted by the regular array of 
atoms that constitute the crystal struc- 
ture near or at the surface of the crystal 
much as light is diffracted by a grating. 
The diffraction pattern of the electrons 
yields information about the arrange- 
ment of the atoms on the growing crystal 
surface. If the surface is microscopically 
rough, the diffraction pattern will be 
characteristic of the three-dimensional 
crystal since the beam must penetrate 
protuberances on the surface. If it is al- 
most smooth on an atomic scale, the dif- 
fraction pattern will show the character- 
istic two-dimensional spacing of the 
atoms on that surface. This is illustrated 
in Fig. 2 from a study by Cho (18). A set 
of electron diffraction patterns of a {100} 
GaAs surface is shown in various stages 
of MBE growth, with associated electron 
micrographs showing the morphology of 
the surface. In Fig. 2a the spotted pat- 
tern is for the highly polished, but still 
microscopically rough starting crystal. 
The spots result from diffraction from 
the three-dimensional crystal lattice as 
the electron beam penetrates the protu- 
berances on the atomically rough sur- 
face. Figure 2b shows that after average 
growth of 150 angstroms the surface is 
smoother and the diffraction pattern is 
streaking. The streaked pattern shows 
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the relaxation of one dimension in the 
diffraction as the electron beam is dif- 
fracted more by atoms on the surface 
than by atoms in the bulk. A new dif- 
fraction-streak halfway between the main 
peaks shows that the surface atoms have 
a unit cell size twice that of the atoms in 
the bulk. Figure 2c shows that after 
growth of 1 micrometer the surface is 
smooth and the diffraction pattern fully 
streaked. Thus the examination of the 
electron diffraction pattern during 
growth of the epitaxial layer yields infor- 
mation about the microscopic smooth- 
ness of the crystal surface, and demon- 
strates that during MBE the microscopic 
smoothness can be improved over that 
obtainable with mechanical and chemi- 
cal polishing. 

Impurity Incorporation and Profiling 

When some impurity elements (dop- 
ants) that have either more or fewer va- 
lence electrons than are needed for 
bonding are incorporated into the semi- 
conductor, it becomes either n orp type. 
The impurity atoms in the n-type semi- 
conductor have donated electrons that 
are mobile current carriers and occupy 
energy states in the conduction band; 
The impurity atoms in the p-type semi- 
conductor have removed electrons from 
the valence band, leaving behind mobile, 
positively charged "holes." For the 
semiconductor to be useful for most sol- 
id-state devices, the concentrations of 
carriers in the n- and p-type regions must 
usually be precisely controlled. The 

Fig. 2. Reflection electron diffraction patterns (40 kiloelectron volts, 110 azimuth) and electron 
micrographs of replicas of the same GaAs surface (18). (a) Polish-etched GaAs after heating in a 
vacuum for 5 minutes. (b) Same after 150 A of GaAs was deposited by MBE. (c) Same after 1 
Am of GaAs was deposited by MBE. 
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quantity of impurity is typically much 
less than 10-5 atom fraction, and in a giv- 
en structure it is often useful to be able to 
vary the impurity profile as a function of 
depth into the crystal so that the con- 
ductivity type and profile may be tailored 
to the device requirements. 

Conventional epitaxy techniques pro- 
vide only limited control over doping 
profiles, usually permitting only a fixed 
or a slowly varying level of impurity in a 
given layer. Frequently, impurity atoms 
are diffused or ion-implanted into the 
surface of a semiconductor. These meth- 
ods, which are technologically very im- 
portant, yield a very restricted range of 
impurity profiles, usually involving ei- 
ther a concentration that decreases 
monotonically into the crystal or a single 
peaked distribution. 

Because MBE is a slow growth pro- 
cess, layer thicknesses typically increase 
by 1 am per hour, and it is possible by 
varying impurity effusion oven temper- 
atures or by the use of shutters to arbi- 
trarily vary the impurity concentration 
as a function of depth. This is illustrated 
(19) for Ge added to GaAs in Fig. 3. 
Three rectangular pulses of Ge in the 1- 
/am-thick GaAs epitaxial layer yield elec- 
tron concentrations shown by the dashed 
curve. The electron concentration pro- 
file is, in fact, what would be expected 
for rectangular impurity profiles. Thus 
MBE can yield the most abrupt electron 
concentration profile possible and also 
all gradations away from that limit. The 
ability to obtain such arbitrary doping 
profile control with MBE has been used 
for the preparation of a number of solid- 
state devices. These include hyperabrupt 
varactor diodes that require an ex- 
ponential doping profile with depth (20); 
IMPATT (impact ionization avalanche 
transit time) diodes of the so-called low- 
high-low variety (21) that require a 1000- 
A-thick doping spike in which the impu- 
rity concentration increases by a factor 
of 10; state-of-the-art field-effect transis- 
tors requiring precision doping control in 
a layer only several thousand angstroms 
thick (22); and state-of-the-art micro- 
wave mixer diodes for low-temperature, 
low-noise operation (23). The latter re- 
quire a very abrupt transition from high- 
ly to lightly doped material and are used 
mostly for radio astronomy. 

All of the applications of MBE de- 
scribed above utilize conventional dop- 
ing levels in the range of about 1016 to 
1018 impurity atoms per cubic centime- 
ter. In addition, it is possible with MBE 
to achieve doping levels around 5 x 1019 
cm-3 for both n- and p-type dopants (Sn 
and Be) in GaAs and to use oxygen as a 
dopant for AlxGal_-As to render it semi- 
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insulating. The former permits the appli- 
cation of high-quality metal ohmic con- 
tacts either in situ by evaporation (24, 
25) or out of the MBE system by elec- 
troplating, without subsequent heating. 
The oxygen-doped AlxGal_xAs has been 
found to prevent surface leakage of cur- 
rent due to recombination of carriers at 
GaAs surfaces (26). Such passivation 
provides hope for a metal-insulator- 
semiconductor technology with GaAs. 
In addition, since it is an epitaxial part of 
the crystal structure, the oxygen-doped 
AlxGa-l_As provides the solid-state de- 
vice designer with a new degree of free- 
dom, the possibility of designing devices 
incorporating lattice-matched semi-in- 
sulating regions into the single-crystal 
device structure. 

Heterostructures 

Single-crystal multilayered structures 
having component layers that differ in 
composition but are lattice-matched 
form the basis for semiconductor devices 
in which both light and current carriers 
(holes and electrons) can be manipulat- 
ed. The double-heterostructure (DH) la- 
ser (27) is perhaps one of the best illus- 
trations of these devices. It also pro- 
vided one of the earliest motivations for 
MBE studies at Bell Laboratories. 

The GaAs-AI,Gal_,As DH laser in its 
simplest version is a small rectangular 
single-crystal parallelepiped consisting 
of an n-type GaAs substrate with at least 
three layers-n-AlGa1_xAs, p-GaAs, 
and p-AI,Gal_xAs-grown epitaxially 
onto it as illustrated in Fig. 4, a and b. 
The alignment of the conduction and va- 
lence bands of the composite structure, 
when forward-biased (n-side negative) 
with a voltage of about the width of the 
GaAs energy gap, is shown schemati- 
cally in Fig. 4c. As the result of forward 
bias, electrons are injected into the con- 
duction band of the p-GaAs layer, where 
they recombine with the majority holes 
and emit radiation with approximate- 
ly the energy of the GaAs energy gap, 
Eg . Note in Fig. 4c that at the hetero- 
junction there are potential barriers that 
prevent holes (e+) and electrons (e-) 
from diffusing beyond the GaAs region. 
The injected electrical carriers are then 
confined to the GaAs layer. In addition, 
because GaAs has a higher refractive in- 
dex than AIlGa-l_As, the AIlGal_-As- 
GaAs-AIlGal_-As three-layer sandwich 
is a waveguide so that the generated light 
tends to be confined to the GaAs layer. 
The cleaved ends of the parallelepiped 
act as partial mirrors. Thus, light of ener- 
gy approximately Eg is generated by 
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variety of other heterostructure devices 
^ 350 r have also been fabricated. These include 

-pI 1 I!\ optical modulators, optical switches, 
I \ I 1\ waveguides, and couplers, all utilizing 

i I 1 I \ combinations of GaAs and AlxGal_iAs 
I * I| I f \layers. There is a growing technology, 

I l I I I \ mostly in optical communications, that 
I I , I \ utilizes heterostructure lasers as discrete 
I I \ I \ I devices. The multilayered wafers used 
/ \ \ i / \x J for fabrication of these lasers are at pres- 
_' - -ent most often grown by LPE. Because 

of difficulties in obtaining growth suffi- 
ciently free of contamination, the MBE 

?_ _I I I technique has only recently been used to 
0.2 0.4 0.6 0.8 -1.0 

Depth (J,m) demonstrate high-quality lasers. These 
3. A periodic doping profile of Ge in lasers have had current densities forthe 
s (19). The solid curve shows the Ge pro- onset of lasing that were comparable to 
)r one peak as estimated from the growth or even lower than those of comparable 
itions. The dashed curve shows the mea- lasers made with LPE wafers (28, 29). In 
I electron distribution in the sample con- adt 
ig three such Ge pulses above a back- on, the propertes of many such la- 
id level. sers selected from various areas of sev- 

eral large wafers demonstrated a degree 
of uniformity that is clearly much better 

lectronic transition in a waveguide than has been achieved by liquid epi- 
in a Fabry-Perot cavity formed by taxy. This achievement is important, not 
nirrors. With a sufficiently high cur- only for the eventual fabrication of dis- 
through the device, stimulated emis- crete devices more reproducibly than 
and lasing result. has been possible with LPE, but also be- 
ie DH laser provides an excellent il- cause the use of integrated electrooptic 
ation of how heterostructures are circuits may become desirable. 

to manipulate light and electrical Integrated electrooptic circuits made 
iers in a single solid-state device. A possible by MBE would incorporate not 
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Fig. 4. (a) A double-heterostructure laser. (b) The epitaxial layers. (c) Conduction and valence 
band edges under forward bias from an applied voltage Vapplied EgG,,. 
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only the devices mentioned above but al- 
so optical detector and microwave de- 
vices such as field-effect transistors, all 
on a single semiconductor chip. The 
MBE technique may be particularly use- 
ful for such complex structures because 
it permits lateral dimensional control by 
means of shadow masking. Studies of 
shadow masking during MBE (30) are il- 
lustrated in Fig. 5a, which shows how 
mesas and tapers are grown. A three-lay- 

a 

er mesa is shown in Fig. 5b. A similar 
technique has already been used to pre- 
pare a laser-taper coupler combination 
(31). 

Monolayers and Quantum Wells 

Given the ability to obtain extremely 
smooth surfaces, a slow and precise 
growth rate, controlled impurity incor- 

2nd level 
Si shadow 
mask 

GaAs or AIxGalxAs 
tapers 

GaAs 
substrate 

Fig. 5. (a) Schematic represen- 
tation of shadow masking with 
MBE. (b) Cross section of a 
three-layer mesa grown by 
MBE through a shadow mask 
(30). 
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Fig. 6. Cross-sectional transmission electron micrograph of a "monolayer structure" consisting 
of interleaved bilayers nominally of GaAs and AlAs. The layer interfaces are in the 100 plane. 
[Micrograph provided by P. M. Petroff] 
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poration as a function of depth, and com- 
position variation as a function of depth, 
several workers have elected to study a 
range of multilayered structures with ex- 
traordinarily small dimensions in layer 
thickness. The structures with the thin- 
nest layers are the so-called monolayer 
structures described by Gossard et al. 
(32). 

An approach to the ultimate in such 
single-crystal structures is illustrated in 
Fig. 6, which is a cross-sectional trans- 
mission electron micrograph of a stack of 
alternating GaAs and AlAs layers. To vi- 
sualize the scale of these individual lay- 
ers, the GaAs or AlAs crystal is shown 
schematically as a stack of alternating 
planes of gallium (or aluminum) and ar- 
senic atoms. For the structure shown in 
Fig. 6, referred to as an alternate bilayer 
structure, each dark or light band con- 
sists of four atomic planes, two mostly of 
gallium atoms or mostly of aluminum 
atoms, interleaved with two planes of ar- 
senic atoms, as illustrated on the right in 
Fig. 6. The group III element layers are, 
to some degree, mixtures of Al and Ga, 
hence the terms mostly Ga and mostly 
Al. Each nominally GaAs or AlAs layer 
is 5.6 A thick, and stacks of such layers 
that are 10,000 A thick have been grown 
on GaAs substrates. Stacks of alternat- 
ing GaAs and AlAs layers consisting of 
single 2.8-A monolayers were also 

grown and, in x-ray and electron dif- 
fraction, have shown the alternate single- 
monolayer composition. All these struc- 
tures are new crystals that have periodic- 
ities not available in nature. They are 
grown by maintaining an unvarying arse- 
nic beam on the substrate while alter- 
nately exposing it to the Ga and Al 
beams with precisely timed opening and 
closing of shutters interposed between 
the effusion ovens and the wafer. So far, 
such structures have been used to pro- 
vide microscopic information on the 
MBE crystal growth process, to demon- 
strate the limits in dimensional precision 
of the MBE technique, and to correlate 
structural and physical properties of 
crystals in the limit of atomic dimen- 
sions. 

Quantum well structures consist of 
somewhat thicker alternating layers of 
GaAs and, in this case, AlxGal_-As, 
with each layer in the range of 50 
to - 400 A thick. One such hetero- 
structure is illustrated in Fig. 7a. The 
band edge energy diagram corresponding 
to the structure of Fig. 7a is illustrated 
schematically in Fig. 7b. The important 
characteristic of these structures is that 
the steps in the conduction and valence 
band edges at the heterojunctions form 
the boundaries of potential wells for 
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electrons in the conduction band and 
holes in the valence band. When such 
quantum wells are present they can mod- 
ify the macroscopic properties of the 
components of multilayer structures so 
that they differ from the equivalent prop- 
erties of the bulk semiconductor. Kel- 
dysh (33) predicted effects due to quan- 
tization of carriers in artificial periodic 
potential structures in 1963. Esaki and 
Tsu (34) suggested in 1970 that such a 
structure, which they called a superlat- 
tice, would result from a one-dimension- 
al periodic variation of solid solution 
composition in a III-V semiconductor. 
Particularly striking examples of the ef- 
fects of quantum wells on properties of 
MBE layers of GaAs and AlxGal_xAs 
have been demonstrated with optical ab- 
sorption and electron mobility. 

The individual quantum well is essen- 
tially a one-dimensional container for 
electrons, and quantum theory requires 
that for a sufficiently small container the 
electron moving in the confining direc- 
tion can have only fixed energies. Thus, 

the quantum wells of Fig. 7a contain sets 
of energy subbands-the dashed lines in 
Fig. 7b-for electrons. Such "confined 
carrier quantum states" are clearly ob- 
servable by optical absorption in GaAs 
quantum wells less than about 400 A 
thick. 

Bulk GaAs is essentially transparent 
to light of energy less than that of the 
width of the forbidden energy gap of 
GaAs (0.9 Am), but is strongly absorbing 
for light of higher energy because the 
higher energy photons are absorbed in 
the excitation of electrons from the va- 
lence band into the conduction band. 
This is illustrated in the top curve of Fig. 
8, which shows the absorption spectrum 
of a 4000-A-thick GaAs layer. The peak 
at the leading edge represents absorption 
by electrons that are excited into the 
conduction band, but are still bound by 
the Coulomb interaction to the holes in 
the valence band (exciton effects). When 
light is passed through a quantum well 
layer of GaAs the absorption of photons 
results from excitation of electrons from 

energy subbands in the valence band 
quantum well to subbands in the con- 
duction band quantum well. These tran- 
sitions occur at energies greater than the 
bulk GaAs band gap and provide the ma- 
jor optical absorption mechanism. As a 
result, the absorption spectrum of the 
quantum well shows bands characteristic 
of such transitions. These are illustrated 
in the bottom three curves in Fig. 8. 
Dingle et al. (35) showed that the transi- 
tion energies can be quite accurately pre- 
dicted with the well-known particle-in-a- 
box quantum theory calculation. 

The structures used to obtain absorp- 
tion data such as those shown in Fig. 8 
are stacks of GaAs quantum wells with 
20 or more GaAs layers. The substrate 
has been removed by chemical etching. 
Since the measurements are usually 
made by passing light through the struc- 
ture in a direction orthogonal to the layer 
surface, the large number of GaAs layers 
is needed to provide sufficient material 
thickness for a useful absorption mea- 
surement. For these measurements the 
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energy range of the light used is varied 
between that of the GaAs band gap and 
that of the AlxGal_xAs band gap. Since 
the energy of the levels within the quan- 
tum well depends on its depth and width, 
both the Al content and the layer thick- 
ness must be highly reproducible for the 
absorption measurements to yield well- 
resolved data for the transition energies. 
In Fig. 8 the transitions from the con- 
fined hole subbands are clearly resolved. 
This requires a layer-to-layer reproduc- 
ibility in thickness of less than 5 A, a dra- 
matic illustration of the precision in di- 
mensional reproducibility that MBE per- 
mits. Large-angle x-ray studies of quan- 
tum well structures grown both at IBM 
(36) and at Bell Laboratories (37) have 
confirmed that the individual layers are 
flat and uniform with abrupt interfaces in 
which the entire composition change is 
achieved within 5 A in the growth direc- 
tion. 

The possibility of modifying the trans- 
port characteristics of electrical carriers 
in the material comprising a quantum 
well results from the ability of the quan- 
tum well structure to provide a separa- 
tion in space between the part of the 
structure occupied by dopant elements 
and the carriers they contribute to the 
semiconductor. The mobility of carriers 
in semiconductors is affected by many 
factors, including scattering by the ion- 
ized impurity atoms that donated the 
electrons in the first place. If, during the 
MBE growth of a quantum well struc- 
ture, donor atoms are added to the 
AlIGa-_xAs layer but not to the GaAs 
layer, the electrons in the conduction 
band, which seek the lowest possible en- 
ergy states, fall into the GaAs quantum 
well. They then occupy quantum well 
energy subbands. Thus it is possible, by 
using MBE to grow such "modulated- 
doping" quantum well structures (38), to 
have GaAs that contains donated elec- 
trons without having the donor atoms 
present in the semiconducting layer. The 
reduction in scattering by impurity 
atoms is reflected in the greater mobility 
of the electrons in the quantum well ma- 
terial than in equivalent doped bulk 
GaAs. 

The MBE-grown quantum well struc- 
tures and other heterostructures that re- 
quire extremely thin epitaxial layers are 
under investigation from a number of dif- 
ferent points of view. Heterostructure la- 
sers that incorporate several quantum 
wells in the center (active) layer have 
better longitudinal mode stability and a 
smaller temperature dependence of 
threshold current than the equivalent 
more conventional structures (39). The 
higher mobility of electrons in GaAs 
modulated-doping quantum wells has led 
to studies, now under way, of the possi- 
bility for improvement in the speed of 
GaAs microwave devices. Quantum well 
structures have also been used to investi- 
gate the fundamental properties of the 
two-dimensional electron gas (40, 41), 
the possibility of fabricating energy-se- 
lective phonon mirrors (42), and, in 
InAs-GaSb structures, the creation of ar- 
tificial semimetals (13). In addition, 
GaAs-AlIGal_GaAs heterostructures in 
which the AIlGa,l_As layer is very thin 
(< 500 A) and has a graded band gap ob- 
tained by varying x have been shown to 
form very simple current rectifiers that 
should be totally compatible with other 
optical or electronic devices that may be 
integrated onto the same chip (43). 

Conclusion 

A rather brief and general description 
of some of the developments in molecu- 
lar beam epitaxy, using only the semi- 
conductors GaAs and AIlGai_-As as 
prototypes, has been presented. Because 
it is possible to maintain high semicon- 
ductor quality at very low growth rates, 
MBE permits extensive dimensional 
control in epitaxial layer thickness and 
dopant element profiles. Unlike other 
crystal growth methods, it also permits 
growth of complex epitaxial structures 
with controlled lateral dimensions be- 
cause of the possibility for shadow mask- 
ing. These developments have resulted 
in a burgeoning of MBE studies of funda- 
mental properties of very thin structures 
and of the use of MBE for optoelectronic 
and microwave devices. 
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