GENLERAL ARTICLES

il

20 Koppe.J G.Pluim, F and Olie, K, J R Soc Med, 1989, 82,
416-419

21 Vaz, R, Slorach, S and Albanus, L, Var Foda. 1988, 40, 416—
423

22 Poland. A and Knudson, J C ., Annu Rev Pharmacol Toxicol
[9R2, 22, 517-554

23 Poli, A and Renzomi, G . .tan Fac Aled Vet Pisa, 1982, 35,
g1-92

24 Poh, A and Renzomi, G, Ann. Soc Ital Sci Vet
529-531

25 Ryan, J 1, Proc. 23rd Internat Dairy Congress, 1990, vol 2,
pp 1387-1392

26 Heath, R G, Haress, R L., Gross, M L., Lyon, P A Dupuy. A E,
Jr and McDamel, D. D, Anal Chem , 1986, 58, 463—468

27 Sherry, J, ApSimon, J, Collier, L., Wilkinson, R , Albro, P and
Afghan, B, Chemosphere, 1989, 19, 255-261

1982, 36.

— - —

The birth of the semiconductor superlattice*

L. Esaki

IN 1969, research on artificially structured materials was
initiated with a proposal for an engineered semiconduc-
tor superlattice with a one-dimensional periodic poten-
tial by Esaki and Tsu". In anticipation of advancement
in controlled epitaxy of ultrathin layers, two types of
superlattices were envisioned: doping and composi-
tional, as shown at the top and bottom of Figure 1, re-
spectively.

Before arriving at the superlattice concept, we were
examining the feasibility of structural formation of po-
tential barriers and wells that were thin enough to ex-
hibit resonant tunneling’. A resonant tunnel diode*’
appeared to have more spectacular characteristics than
the Esaki tunnel diode®, the first quantum electron de-
vice consisting of only a single tunnel barrier. It was
thought that advanced technologies with semiconductors
might be ready for demonstration of de Broglie electron
waves. Resonant tunnelling can be compared to the
transmisston of an electromagnetic wave through a
Fabry—Perot resonator. The equivalent of a Fabry—Perot
resonant cavity 1s formed by the semiconductor potential
well sandwiched between the two potential barriers.

The i1dea of the superlattice occurred to us as a natural
extension of double-, triple- and multiple-barrier struc-
tures: the superlattice consists of a series of potential
wells coupled by resonant tunnelling. An important pa-
rameter for the observation of quantum effects in the
structure is the phase-coherent, length which approxi-
mates to the electron mean free path. This depends on
bulk as well as the interface quality of crystals, and also
on the temperatures and values of the effective mass. As
schematically iflustrated in Figure 2, if characteristic
dimensions such as superlattice periods or well widths
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are reduced to less than the phase-coherent length, the
entire electron system will enter a mesoscopic quantum
regime of low dimensionality, being in a scale between
the macroscopic and the microscopic. Our proposal was
indeed to explore quantum effects in the mesoscopic
regime.

The introduction of the one-dimensional superlattice
potential perturbs the band structure of the host materi-
als, yielding a series of narrow subbands and forbidden
gaps which arise from the subdivision of the Brillouin
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Figure 2. Schematic tllustration of a2 ‘mesoscopic’ quantum regime
(hatched) with a superlattice or quantum wells in the inset

zone into a series of minizones. Thus, the superlattice
was expected to exhibit unprecedented electronic prop-
ertics. At the inception of the superlattice idea, it was
recognized that the long, tailored lattice period provided
a unique opportunity to exploit electric-field-induced
effects. The electron dynamics in the superlattice direc-
tion was analysed for conduction electrons in a narrow
subband of a highly perturbed energy—wave-vector rela-
tionship. The result led to the prediction of the occur-
rence of a negative differential resistance at a modestly
high electric field, which could be a precursor of the
Bloch oscillation. The superlattice, apparently, allows
us to enter the regime of electric-field-induced quanti-
zation: the formation of Stark Iadders;,,""3 for example,
can be proved in a (one-dimensional) superlattice,’
whereas in natural (three-dimensional) crystals the exis-
tence and real nature of these localized states in a high
electric field have been controversial'®'".

This was, perhaps, the first proposal which advocated
to the engineer with advanced thin-film growth tech-
nigues a new semiconductor material designed by apply-
ing the principles of the quantum theory. The proposal
was indeed made to the US Army Research Office
(ARO), a funding agency, in 1969, having daringly
stated. with little confidence in a successful outcome at
the time, ‘the study of superlattices and observations of
quantum-mechanical effects on a new physical scale
may provide a valuable area of investigation in the field
of semiconductors’.
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Although this proposal was favourably received by
ARO, the original version of the paper' was rejected for
publication by Physical Review on the referee’s uni-
maginative assertion that it was too speculative and in-

?olved no new physics. The shortened version published
in IBM J. Res. Develop.” was selected as a Citation

Classic by the Institute for Scientific Information (ISI)
in July 1987. Our 1969 proposal was cited as one of the
most innovative 1deas at the ARQO 40th Anniversary
Symposium, Durham, North Carolina, 1991.

At any rate, with the proposal, we initiated such a
formidable task as to make a gedanken experiment a
reality. In some circles, the proposal was criticized as
close to impossible. One of the objections was that a
manmade structure with compositional variations in the
order of several nanometers could not be thermody-
namically stable because of interdiffusion effects. For-
tunately, however, it turned out that interdiffusion was
negligible at the temperatures involved.

In 1970, Esaki et al.'? studied a GaAs—-GaAsgsPo s
superlattice with a period of 20 nm synthesized with
CVD (chemical vapour deposition) by Blakeslee and
Aliotta'”. Although transport measurements failed to
reveal any predicted effect, the specimen probably
constituted the first strained-layer superlattice having a
relatively large lattice mismatch. Early efforts in our
group to obtain epitaxial growth of Ge;_,Si, and
Cd; _,Hg,Te superlattices were soon abandoned be-
cause of the rather serious technological problems at
that time. Instead, we focused our research effort on
compositional GaAs—QGa; ., Al As superlattices grown
with MBE (molecular beam epitaxy). In 1972, Esaki et
al.'* found a negative resistance in such superlattices,
which was, for the first time, interpreted in terms of the
superlattice etfect.

Following the derivation of the voltage dependence of
resonant tunnel current’, Chang et al.”> observed the
current—voltage characteristics with a negative resis-
tance. Subsequently, Esaki and Chang'® measured
quantum transport properties in a superlattice with a
narrow bandwidth, which exhibited an oscillatory behav-
iour. Tsu ef al.'” performed photocurrent measurements
on superlattices subject to an electric field perpendicular
to the plane layers with the use of a semutransparent
Schottky contact, which revealed their mimniband con-
figurations.

Heteroepitaxy is of great interest for the growth of
compositional superlattices. Innovations and improve-
ments in epitaxial techniques such as MBE and MOCVD
(metalloorganic chemical vapour deposition) have made
it possible to prepare high-quality heterostructures. Such
structures possess predesigned potentital profiles and
impurity distributions with dimensional control close to
interatomic spacing. This great precision has cleared
access to the mesoscopic quantum regium""’ H

Since a one-dimensional potential can be introduced
along with the growth duection, famous examples in the
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Figure 3. Growth in relevant papers at the biennial International
Conference on the Physics of Semiconductors

history of one-dimensional mathematical physics, in-
cluding the above-mentioned resonant tunnelling’,
Kronig—Penney bandszﬁ, Tamm surface states’', Zener
band-to-band tunnelling®, and Stark ladders including
Bloch oscillations’ ™, all of which had remained more or
less textbook exercises, could, for the first time, be
practised in a laboratory. Thus, do-it-yourself quantum
mechanics is now possible, since its principles dictate

the details of semiconductor structures®.

We have witnessed remarkable progress in semicon-
ductor research of superlattices and quantum wells over
the last two decades. Our original proposal" and pio-
neering experiments apparently triggered a wide spec-
trum of experimental and theoretical investigations on
this subject. A variety of engineered structures exhibited
extraordinary transport and optical properties which
may not even exist in any natural crystal. Thus, this new
degree of freedom offered in semiconductor research
through advanced material engineering has inspired
many ingenious experiments, resulting in observations
of not only predicted effects but also totally unknown
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phenomena. As a measure of the growth of the field,
Figure 3 shows the number of papers related to the sub-
ject and the percentage of the total presented at the bi-
ennial International Conference on the Physics of
Semiconductors. After 1972, when the first paper'* came
on the scene, the field went through a short period of
incubation and then experienced a phenomenal expan-
sion in the 1980s. It appears that nearly one-half of
semiconductor physicists in the world are working in
this area. Activity in this new frontier of semiconductor
physics has in turn given immeasurable stimulus to de-
vice physics, provoking new ideas for applications.
Thus, a new class of transport and optoelectronic de-
vices has emerged. In this interdisciplinary research,
there have been numerous beneficial cross-fertilizations.
[ hope this article provides some flavour of the excite-
ment associated with the birth of the semiconductor su-

perlattice.

1 Esake, L and Tsu, R., /BM Research Note RC-2418, 1969

Esaki, L and Tsu, R, /BM J Res Develop , 1970, 14, 61

Bohm, D, Quantum Theory, Prentice Hall, Englewood Chiffs,

N.J., 1951, p 233,

4 logansen, L. V., Zh Eksp. Teor Fiz., 1963, 45, 207 Sov Phys
JETP, 1964, 18, 146

5. Tsu, R. and Esaki, L., Appl. Phys. Lett, 1973, 22, 562

6. Esaky, L., Phys. Rev., 1958, 109, 603.

7

8

L B

. James, H M, Phys Rev., 1949, 76, 1611.

Wannier, G H., Elements of Solid State Theory, Cambridge
Unmiversity Press, Cambridge, 1959, p 190, Phys Rev., 1960,
117,432,

9. Shockley, W, Phys. Rev. Lett , 1972, 28, 349

10. Zak, J., Phys Rev. Lett. 1968, 20, 1477; Phys. Rev, 1991, B43,
4519

11. Rabinowitch, A. and Zak, J , Phys. Rev., 1971, B4, 2358

12. Esaki, L., Chang, L.. L and Tsu, R, Proc. 12th Int Conf Low
Temp Phys , Kyoto, Japan, 1970, p. 551

13. Blakeslee, A. E and Aliotta, C. F., IBM J Res Develop, 1970,
14, 686.

14 Esaki, L., Chang, L. L., Howard, W E. and Rideout, V. L, Proc
11th Int. Conf Phys. Semiconductors, Warsaw, Poland, 1972,

p. 431
15 Chang, L. L, Esaki, L. and Tsu, R, App! Phys. Lett | 1974, 24,

593.

16 Esaki, L. and Chang, L. L, Phys. Rev Lett., 1974, 33, 495

17. Tsu, R, Chang, L L., Sai-Halasz, G. A. and Esaki, L., Phys.
Rev. Letr. 1975, 34, 1509

18. Esaki, L, /EEE J. Quant Eleciron , 1986, QE-22, 1611

19. Esak:, L, in Highlights in Condensed Matter Physics and Fu-
ture Prospects (ed Esaki, L), Plenum Press, New York, 1991,

p S5
20. Kronig, R. de L. and Penney, W. G, Proc. R Soc. (London)},

1931, A130, 499.
21. Tamm, L., Phys Z. Sowjeturion, 1932, 1, 733.
22. Zener, C., Proc R. Soc. (London), 1934, 145, 523
23 Esaki, L., Phys Scr, 1992, T42, 102.

CURRENT SCIENCE, VOL. 69, NO 3, 10 AUGUST 1995



