TWO DIMENSIONS: QUANTUM WELL

A

ey dectrons between two slices of
materials with higher-energy electrons.

The energy of clectrons s described
by bund theory. The valence, or out-
emost, dectrons of every atom fall

low energy. Because they readily swap
these electrons with one another, met-
as make good conductors.

Semiconductors and insulators, on
e other hand, have more valence elec
troas and are not inclined 1o conduct
current. Adding a small amount of en-
ey 10 a semiconductor boosts some
vakence electrons 10 a higher-energy
Jel, the so-called conduction band,
and enables the material to carry cur-
rest. The energy needed to propel an
dectron from one band to another is
the bund-gap energy—the difference
between the valence and conduction
band energy bevels. Because every semi
conductor demands a slightly different
amount of added energy to trigger con-
duction, some semiconductors have
Bigher o lower band-gap energies than
ethers. Insulators, which require tre-
mendous energy 1o push their valence
dctrons 1o the hmhrnm'rg) bands,
have the lrgest band

Weth these ideas in mmd rescarch-
s t both [BM and AT&T tried prov-
g they could confine electrons. Esa-
K, Tsu and Chang began by alternat-
Ing multiple layers of gallium arsenide
with Lyers of aluminum gallium ar-
senide, a higher band-gap compound.
AT&T workers had a simpler aim: to
sandwich one thin, low band-gap mate-
il between two higher band-gap ma-
terials, thus producing a quantum well.

ingle quantum well (f0 into this laser
Laboratories. recombine and
impeoves the eficiency of the aser. The outer doped
Layers inject electrons (negative charges) and

The efforts of both groups were
plagued by swarms of fabrication prob-
lems. For one, how do you lay down an
even layer of material only a few atoms
deep? *We had to build a vacuum sys-
tem ourselves” to deposit thin layers,
Chang recalls sighing. Equally trouble-
some was controlling substrate contam-
ination and the alignment of the crystal
lattices of the materials.

In 1974, however, the rescarchers
trius ph:d The [BM workers demon-
strated materials that had the predict-
ed, steplike energy levels indicative of
quantum confinement. Raymond Din-
e and his colleagues at Bell Labora-
tories in Murray Hill, N. J., built a sin
gle quantum well, shone laser light on
it and found that the novel nul\'ﬂ.\l
absorbed different, but predict
quendies of light—an an.-mnm ndl—
cation of quantum confinement. Soon
thereafter, Esaki and Chang built the
first real quantum well device—a reso-
nant tunncling diode.

Ballistic Transistors

Many others jumped on a dimension-
ally related bandwagon: two-dimen
sional electron gases (2DEGs), in which
electrons are trapped at the horizon-
tal interface between a low band gap
layer of material and a layer that is
doped with extra charges. With these

u
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1C AMIRICAN, April, 1986]. In carefully
ted 2DEGs, electrons can trav-
el for relatively long distances before

(positive charges) into the quantum well, which then
emit photons, or light, Because the
quantum well contains less aluminum than the
surrounding layers, it is 3 lower band-gap material
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colliding with an atom or a defect, thus
‘enabling engineers to build *ballistic®
or *high clectron mobility ™ transistors.

Such 2DEGs are the bedrock for the
fastest transistors. (They only achieve
the highest speeds at temperatures of
a few kelvins,) Unlike quantum wells,
in which clectrons push through sever-
al, vertically arranged layers, electrons.
2DEGs must stay within the horizon-
tal plane. That construction restricts
the kinds of devices that can be built.

Rescarchers returmed 10 quantum
wells and superlattices, which are spe-
clally constructed multiple quantum
wells, in the carly 1980s, this time
armed with highly precise fabrication
tools. Among the biggest guns: molec-
ular-beam epitaxy (MBE) machines.

At the heart of a state-of-the-art MBE
is an ultrahigh vacuum chamber, which
allows workers to deposit layers of
atoms as thin as two angstroms on a
semiconductor substrate. Attached to
the vacuum chamber, like spokes on
a hub, are three or four passages that
lead 10 effusion cells. Bements such
as gallum or aluminum are vapor-
ized in these cells, then shot down the
passages toward the substrate. By pro-
gramming the shutters between the
passages and the vacuum chamber, sci
entists can dictate the thickness of the
deposited layers. All told, a full day
must be spent to grow about eight mi-
crons of semiconductor layers on a sin-
e gallium arsenide wafer.

Compared with the next step, how
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