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A Letter of Welcome

Program Coffmfee Welcome to the Third International Conference on Superlattices, Microstructures
Cheirman

S. Voak iAmoco Corpoation) Microdevices. Many people helped us get to this juncture, especially our
financial sponsors-Amoco Corporation, the National Science Foundation, the

Com , Merhrs Office of Naval Research, and the Air Force Office of Scientific Research. We
J. Dow (Unwvorsay of Notre Done) are also grateful for the cooperation of the Electron Devices Society of the
J. Faun (University of Illinois. Chicago)
H Fitzsch lUni t of Chicao Institute of Electrical and Electronics Engineers, Inc., and the Chicago sections of
K Hsu (UniversitV o Illinois,. Urbana) the Institute of Electrical and Electronics Engineers, Inc. and of The Metallurgical
D. Lewis (Amoco Corporation)
I, Schuler (Argonne National Laboratory) Society of the AIME, Inc.
S3. Wessels (Nornhweasern University)

This conference follows two previous successes, in Urbana and Goteborg. With
hamtona/Advacry Commftr. the help of active Program and International Advisory Committees, we have
Z. Alforov (USSR)
M. Atarelli (France) planned a conference that follows a tradition of excellent presentations and
T. Andesson (Sweden) maximum interaction among conferees.
F. Bassani (Italy)
D. Bimberg (W. Germany)
A. Cho (USA) We hope you enjoy the conference and urge you to renew acquaintances, meet
L. Cooper (USA)
P Oapus (USA) new colleagues, absorb new ideas, and explore the beautiful city of Chicago. The
G Dohler (USA) conference staff, as well as the hotel staff, will assist you in any way they can.
L. Eastman (USA)
N. Economou (USA) Please read the "Conference Notes" for information about a few practicalities
L. Easki (USA) and procedures that will make your conference stay a more pleasant one.
C. Falco (USA)
D. Ferry (USA)
A. Frenan (USA) Again, a warm welcome to Chicago and to the conference.W. Ffnsiey (USA)

Z. Gen )PRC)
F. Garcia-Molinar ISpain)
R. Gunhor (USA)
N. Hashizume (Japan) Sincerely,
M. Heiblum (USA)
E. Hu (USA)
G. lefrate (USA)
L. Kedysh (USSR)
T. McGill, Jr. (USA)
H. Morkoc (USA)
V. Narayanamurti (USA) Bruce Vojak
G. Osbourn (USA)
D. Partin (USA) Conference Chairman
M. Pepper (UK)
M. Razeghi IFrance)
H. Sakaki (Japan)
G. Sollner (USA)
M. Stroacio (USA)

*x. Sun (PRC)
D. Taui (USA)
G. Wr" (USA)
C. Wood (UK)
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Schedule-at-a- Glance

All activities will be held at the Westin Hotel, Chicago.

Sunday 4:00-8:00

August 16 Registration
& reception
(Cotillion)

Monday 7:30-8:00 8:15-12:05 12:05-1:30 1:30-5:25 8:00-11:00

August 17 Breakfast Presentations Lunch Presentations Reception
(Cotillion) Mal-Ma9 (Cotillion) Mpl-MplO (Cotillion)

(Wellington (Wellington
Ballroom) Ballroom)

Tuesday 7:30-8:00 8:15-12:10 12:10-1:30 1:30-7:00 7:00-10:00 10:00-11:30

August 18 Breakfast Presentations Lunch Afternoon free Presentations Nightcap &
(Cotillion) Tal-Ta9 (Cotillion) Tpl-Tp7 informal

(Wellington (Wellington discussion
Ballroom) Ballroom) (Cotillion)

Wednesday 7:30-8:00 8:15-12:00 12:00-1:30 1:30-5:00 6:30-7:30 7:30-10:00

August 19 Breakfast Presentations Lunch Presentations Reception Banquet
(Cotillion) Wal-Wa8 (Cotillion) Wpl-Wp8 (Cash bar) (Wellington

(Wellington (Wellington (Wellington Ballroom)
Ballroom) Ballroom) Ballroom)

Thursday 7:30-8:00 8:15-12:10 12:10-1:30 1:30-5:00

August 20 Breakfast Presentations Lunch Presentations
(Cotillion) Ral-Ra9 (Cotillion) Rpl-Rp8

(Wellington (Wellington '

Ballroom) Ballroom)

Poster sessions will run continuously in the Buckingham, Windsor, and Consulates.
0 Session 1: Monday and Tuesday, 8:00 a.m. - 10:00 p.m.
0 Session 2: Wednesday, 8:00 a.m. - 10:00 p.m., and Thursday, 8:00 a.m. - 5:00 p.m.

2.7*n.7 : -. : ¥'
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Conference Notes

Please read the following notes at your earliest convenience.

Posters Duplicating and Secretarial Services

This notice pertains to all conferees who are either giving Duplicating services are available at the Xerox Center on the
,.an oral presentation or presenting a poster. third floor of the Westin. Charges are 20 cents per copy, or

Poster presenters for Session 1 and speakers scheduled less for multiple copies.
for either Monday or Tuesday:

Set up: Sunday, 6:00-8:00 p.m. S eessi
Take down: Tuesday, 10:00-11:00 p.m. To coordinate your presentations, please meet with your

Poster presenters for Session 2 and speakers scheduled session presider at least 10 minutes before your session
for either Wednesday or Thursday: begins.

Set up: Wednesday, by 8:00 a.m. Manuscripts
Take down: Thursday, by 5:00 p.m.

Please post your paper in the assigned spot, corresponding Manuscripts intended for the editor of Superletrices and
to your designation in the program schedule. Microstructures can be left with Carole Dow at the

Push pins are provided in the poster area. registration area.

Special Programs and Tours Medical Assistance

In case of a medical emergency, contact the Westin's front
Spouses and friends can sign up at the desk.
registration/information area for several planned events:

A brunch, Monday, at 10:00 a.m. Babysitting Is Currency Exchange
available during the Monday brunch to give you a
chance to meet and plan events for the week. You must Several international currencies can be exchanged at the
sign up Sunday night at the registration desk to have the hotel desk. You can also exchange foreign currency at the
babysitting service available for you. Lake Shore Bank directly across the street on Michigan

e A tour of Chicago, scheduled for Tuesday afternoon. Avenue. Bank hours are M-F 8:00 a.m. to 6:00 p.m., and

This is an easy way to get a comprehensive view of Sat. 8:00 a.m. to noon.

Chicago. Messages
Brochures about museums, walking tours, boat tours, and
points of interest in Chicago are also available. (Sorry, the Messages can be left on the designated board in the
Cubs are not in town.) registration /information area

Suggestion Box

To help planners of the fourth ICSMM, please write down
your ideas, and drop your note in a suggestion box located %
at the registration desk. 5,,

. .. % .. . . .
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Conference Schedule

Every effort was made at the time of publication to make general topics that loosely describe the content of the
this program accurate. Changes and discrepancies will be manuscripts. Some presentations relate to multiple topics; ,,
announced at the conference. their position in the program is, therefore, somewhat

arbitrary and not intended to limit their scope.

Related presentations have been scheduled together under
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Sunday Evening

4:00- Registration & reception (Cotillion)
8:00
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Monday Morning

7:30- Breakfast (CotillionJ Spectroscopyl
S8:00 Session presider J. Faurie, University of Illinois - Chicago

S8:15 Welcome 1Weilingron for al/ presentations,- 10:15 lI-VI heterostructures: Magnetooptics and
the halMoay for breaks) Ma4 band structure, Y. Guidner, Groups de

finvited) Physique des Solides, do I'Ecole Normale
Transport and Tunneling I Superioure (France)
Session presider: D. Fwry~ Arizona State University 10:35 Raman, photoluminescence and modulation
8:30 Ballistic transport and its consequences in Ma5 spectroscopy of semiconductor hetero-
Mal GaAs quantized regions, M. Heiblum, IBM (wwrted) structures, A. K. Ramdas, Purdue University
(Plenary) Thomas J. Watson Research Center 10:55 For-infrared studies of doped AIGsAs/GuAs 4
9:15 Perpendicular transport of carriers In Me6 multiple-quantum-well structures, J-M
Ma2 superlattice minibands: Direct (invited) Mercy, Y-H Chang, A. A. Reeder, G. Brozak,
(invted determination by subplcosecond B. D. McCombs, State University of New York

luminescence spectroscopy, J. Shah, B. at Buffalo%
Deveaud, T. C. Damon, AT&T Bell Laboratories111 Elcr-pcastdeofAGaAsas
(USA); A. Regreny, Centre National d'Etudes M? culdqatmwls .6 e .J
dos Telecommunications (France) (ivtd Zayhowski, W. D. Goodhue, J. V. Hryniowicz,%

9:35 Hot electron transistors grown by MOCVD, V. A. Mims, Lincoln Laboratory, Massachusetts
Ma3 H. Kawai, I. Hase, S. Imanaga, K. Kaneko, Institute of Technology
(ivited) N. Watanabo, Sony Corporation (Japan) 11:35 Quantum wells and bulk AIGeAs under
9:55 Break Ma8 hydrostatic pressure, M. Chandrasokhar,

(invited) H. R. Chandrasokhar, University of Missouri
at Columbia

11:50 Auger recombination in GaSbfAISb-multi
Ma9 quantum well heterostructures, E. Zielinski,
lcontributed) H. Schweizer, R. Stuber, Universitat Stuttgart

(FRG); G. Griffiths, H. Kroemer, S. Subbanna. N
University of California at Santa Barbara (USA)

12:05 Lunch

Monday Afternoon

No vel Properties and Devices /Microstructures and Microdevices/
Session presider B. Levine, AT&T Bell Laboratories Session presider: T Andersson, Chalmers University
1:30 Piezoelectric effects in strained layer of Technology
Mpl superlattices, D. L. Smith, Los Alamos 3:50 Spectroscopy of one-dimensional subbands
(invited) National Laboratory; C. Mailhiot, Xerox Mp6 on lnSb, U. Merkt, Ch. Sikorski, J. P.
1:50 Ultrafmst optical nonlinearity In quantum linvited) Kotthaus, Universitat Hamburg (FRG)
Mp2 well structures with electric field, 4:10 Aharonov-Bohm effects in disordered
(contributed) M. Yamanishi, Hiroshima University (Japan) Mp7 metals, Y. Bruynsoraede, C. Van
2:05 Strained layer and lattice matched (invited) Haesondonck, Katholieke Universiteit (Belgium)
Mp3 transverse junction stripe quantum well 4:30 Energy levels and magneto-electric effects
icotriutedj lar* for continuous room temperature Mp8 In some quasi unidimeinsional semi-

operation, Y. J. Yang, K. Y. Hsieh, livtd conductor heterostructures, J. A. Brum, -

R. M. Kolbas, North Carolina Stats University G. Bastard, Group. do Physique des Solides.
2:20 Semiconductor microcrystalles In porous do l'Ecole Normale Superieure (France)
Mp4 glass and their applications In optics, 4:50 Quantum transport in an electron
icntuied)a J. C. Luong, Corning MP9 wavegulde, A. M. Chang, G. L. Timp, AT&T
2:35 Control of carrier lifetime In PbTo nipI (invited) Bell Laboratories
Mp5 supperlattices by external photolnjection, 5:10 Transport In GaAs heterojunction ring
(contitlbitgd) G. Bauer, J. Oswald, Montanuruversitat Leoben MplO structures, C. J. B. Ford, T. J. Thornton,

(Austria); W. Goltsos, A. V. Nurmikko, Brown (contributed) i . Newbury, M. Popper, H. Ahmed, Cavendish I;
University (USA) Laboratory; G. J. Davies, D. Andrews, British

2:50 Break and Postar Session 1 (Monday & Tuesday) Telecom Research Centre (UK)

Monday Evening

8:00- Reception (Cotillion)5
11:900



Tuesday Morning

7:30- Breakfast (Corillhbni Transport and Tunneling HI
8:00 Session presider: M. Heiblum, IBM4 %, -

T.J. Watson Research Center
Mfetallic Superlatticeal1 10:40 Theoretical aspects of electron transport inSession presider: C Falco, University of Arizona Ta5 modulated structures, B. Vinter, T. Weil,
8:15 Metallic superlattices, 1. K. Schuller, Argonne livited) Thomson-CSF (France)
Tal National Laboratory 11:00 Quantum transport theory of resonant-

(Pller)Ta6 tunneling heteroetructure devices,
9:00 FerromagnetIc/semniconductor hybrid (invited) W. R. Frensley, Texas Instruments
Ta2 structures, G. A. Prinz, Naval Research 11:20 Resonant tunneling transistors and
(invited) Laboratory Ta7 resonant tunneling hot electron spectro-
9:20 Properties of synthetic magnetic (ivited) scopy, F. Capasso, S. Son, A. Y. Cho, A. C.
Ta3 supertattices, J. Kwo, AT&T Bell Laboratories Grossard, AT&T Bell Laboratories

Wmlel11:40 Supertattice doping Interfaces,
9:40 Observation of ferromagnetism In ultrathin Ta8 S. W. Kirchoefer, H. S. Newman, J. M. Pond,
T&4 f.c.c. films by spin polarised neutron reflec- loontnibutgd) Naval Research Laboratory; P. Uppal,
(contributed tion, J. A. C. Bland, Oxford University; Martin Marietta Laboratory

D. Pescia, R. F. Willis, Cambridge University (UK) 1:6 Pesr-eedn esrmnso
9:55 Break and Poster Session I Ta9 n* GaAs (SI, Sni): The effect of deep donor

(contributed) (OX) states on the electrical properties and
persistent photoconductivity effects.
J. C. Portal, L. Dmowski, INSA and
SNCI-CNRS (France); D. K. Maude, T. Foster,
L. Eaves, University of Nottingham (UK);
M. Nathan, M. Heiblum, IBM, T. J. Watson
Research Center (UISA); G. G. Harris, R. B.
Beall, Philips Research Laboratories (UK)

12:10- Lunch (Cotillion)
1:30

Tuesday Afternoon

Afternoon Free

Tuesday Evening :

Microstructures and Microdevices 11 Novel Properties and Devices I
Session presider: Y Bruynseraede, Katholieke Universiteit Session pesider: L. Coopef, Office of Naval Research
7:00 Random quantum Interference in 8:45 Infrared detectors based on the photon

aTpl microdevices, W. J. Skocpol, AT&T Bell Tp4 dreg effect and Intersubband absorption byN.
iplenerv) Laboratories huwhvtd) a two-dimensional electron gas, S. Luryi.-
7:45 Quantum Interference and transport InTTBl Lbrtre
Tp2 microstructures, S. Wind, V. Chandrasekhar, 9:05 Properties of multilayiers for soft x-ray
linvited) M. J. Rooks, D. E. Prober, Yale University Tp5 optics, C. M. Falco, F. E. Fernandez,
8:05 Excitonic properties of GaAs-AIGaAs linvited) University of Arizona a

Tp3 nanostructures, K. Kash, H. G. Craighead, 9:25 10 pm photoexcited avalanche gain due to
(contributed) A. Scherer, P. S. 0. Lin, P. Grobbe, Tp6 electron Impact Ionization from GaAs

J. Harbison, L. Schiavone, Bell imntibued) quantum well superlattices, B. F. Levine.
Communications Research K. K. Choi, C. G. Bethea, J. Walker,

8:20 Break R. J. Malik, AT&T Belt Laboratories
9:40 Transport study on Si/i,Ge1 superlattices .

Tp7 selectively doped by secondary implants- -- / '

(contributed) tion of Sb, H. Jorke, H.-J. Herzog, E. Kasper,
AEG Research Center (FRG)

10:00- Cash bar and infcornal discussion (Cotillion)
11:30 (Session I posters should be remyoved after 10-00)

6
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Wednesday Morning

7:30- Breakfast (Cotillion) Structural Studies I
*~8:00 Session presider: R Kolbas North Qawofna State University

*10:30 Direct Imaging of the columnar structure of
Novel Propertie and Devices N W&4 GaAs quantum wells, D. Bimberg,
Session presider:, R Burnhm, Amoco Corpor~ation finvied) J~. Chitn Technischen Universitat, Berlin
8:15 Device potentials of Interface asperities and (FRG); T. Fukunaga, H. Nakashima, Optoelec-
Wal corrugation in quantum heterostructures, tronic Joint Research Laboratory (Japan);

lpwy") H. Sakaki, University of Tokyo (Japan) D. E. Mars, J. N. Miller, Hewlett-Packard
9:00 Novel quantum well optical devices, Laboratories (SA)I
Wa2 D. A. B. Miller, AT&tT Bell Laboratories 10:50 EXAFS studies of the microstructure of

finvlvd Wa5 semiconductor alloys, defects, and semi-
9:20 Electrical properties of p-type and n-type (invited) conductor-moel Interfaces, B. A. Bunker,
Wa3 ZnSe-ZnTe stained-layer superlittices, University of Notre Dame
(invted) M. Kobayashi, S. Dosho, A. Imai, R. Kimura, 11:10 Lattice strain In heteroepitaxial films,

M. Konagai, K. Takahashi, Tokyo Institute Wa6 T. Yao, Electrotechnical Laboratory (Japan)
of Technology (Japan) ivtd

9:40 Break and Poster Session 2 11:30 MBE Growth of HgTe/CdTe superlattices
(Wednesday & Thursday) Wa7 on 15111100) substrates, 0. K. Wu,

1contributedi F. A. Shirland, J. P. Baukus, A. T. Hunter,
1. J. D'Haenens, Hughes Research Laboratories s

11:45 Growth of high quality CoS12/Si .
Wa8 superstructures on S111111), H. von Kane),
foontributed) J. Henz, M. Ospell, P. Wachter, ETH Zurich

(Switzerland)
12:00 Lunch (Cotillion)

Wednesday Afternoon

SPhonons and Hot Electrons /Spectroscopy I
'~Session presider: A freemeon, Northwestern University Session presider: A. Remdas, Purfdue University

1:30 Phonons In semiconductor superluttices, 3:20 Electronic structure of quantum-well states
Wpl E. Molinari, CNR, Instituto di Acustica Wp4 revealed under high pressures,
(invrtedj "Corbino; A. Fasolino, SISSA (Italy) finvited) D. J. Wotford, T. F. Kuech, T. Steiner,
1:50 Monte Carlo simulations of femntosecondJ.ABrleBMTos .Wtn
Wp2 relaxation of photoexcited electrons in Research Center (USA); M. A. Gel], D. Ninno,
(contributed) AlGaAsf GaAs quantum wells, C. J. Stanton, M. (UK)Th nvest, ecsteUo

D. W. Bailey, K. Hess, Y. C. Chang, UniversityTye(K
of Illinois; F. W. Wise, C. L. Tang, Cornell 3:40 Electron-hole correlation singularity in
University Wp5 optical spectra of modulation doped GaAs-

2:05 Electron-phonon interactions In (contributed) AlXGa ,As quantum wells. D. Livescu,
Wp3 IN.6 0 .%1 As and In In0  a~ 7 s/n D. A. l. Miller, D. S. Chenila, AT&T Bell
(contnbuted) quantum wells, K. J. NasM S. Skolnick, Laboratories

P. R. Tapster, S. J. Bass, Royal Signals and 3:55 Magneto-optical studies of GalnAs-lnP
Radar Establishment; P. A. Claxton, Wp6 quantum wells. D. J. Mowbray,
J. S. Roberts, University of Sheffield (UK) (invited) N. A. Puisford, J. Singleton, Oxford

2:20 Break and Poster Session 2 University; M. S. Skolnick, S. J. Bass,
Royal Signals and Radar Establishment;
R. J. Nicholas, W. Hayes, Oxford
University (UK)

4:15 aSi:H/a-SINX:H superlattices: Confinement
Wp7 or contamination, S. Kalem, University of
icontributed) Sheffield (UK)
4:30 Extended and local plasmons In a lateral

Wp8 superlattice, D. Heitrnann and U. Mackens, '
(contributed Institut fur Angewandte Physik and Max Planck

Institut fur Festkorperforschung (FRG)

Wednesday Evening

6:30 Cash bar (Wellington)
7.30 Banquet (Wellington)

7S



Thursday Morning

7:30- Breakfast (Co/lion) Transport and Tunneling Ill
8:00 Session presider D. Bimberg, Techischen Universitat, Berlin

Phonons end Hot Electrons I 10:40 Vertical electronic transport in novel
Session presider: J. Dow, University of Notre Dame Ra5 semiconductor heterojunction structures,

(invited) M. A. Reed, Texas Instruments
8:15 (Title pending), L. Keldysh, Lebedev Institute 11:00 Recent applications of Monte CarloRa1 (USSR) 1:0 Rcn plctoso ot al
(a*US) Ra6 methods for semiconductor microdevice

iinvited) simulation, U. Ravaioli, University of Illinois at
9:00 Hot electrons in silicon dioxide: Ballistic to Urbana-Champaign
Ra2 steady-sate transport, D. J. DiMaria, 11:20 Resonant tunneling in InGaAs-InP double-
(Onid) M. V. Fischetti, IBM Thomas J. Watson Ra7 barrier structures and superlattices,

Research Center (contributed) T. H. H. Vuong, D. C. Tsui, Princeton
9:20 The theory of electron-polar phonon University; W. T. Tsang, ATEtT Bell
Ra3 scattering rates In semiconductor micro- Laboratories
(invited) structures, B. Mason, University of Illinois at 11:35 Excellent negative differential resistance of

Urbana-Champaign Ra8 InGaAs/InAIAs resonant tunneling barrier
9:40 Direct measurement of ultrafast electron- Omved) structures and applications to a new
R&4 hole plasma expansion at high density In an functional device, RHET, S. Hiyamizu,
(contriburfed) asymmetric GaAs quantum well, K. Shum, Fujitsu (Japan)

M. Junnakar, H. Chao, R. Alfano, CUNY, 11:56 Non-effective-mass matching in
H. Morkoc, University of Illinois Ra9 superlattices, P. Roblin, Ohio State University

9:55 Break and Poster Session 2 (contributed)

12:10 Lunch (Cotillion)

Thursday Afternoon

Structural Studies I Metallic Superlattices II
Session presider: B. Wessels, Northwestern University Session presider: I. Schuller, Argonne National Laboratory
1:30 Influence of Interfaces on electronic and 3:30 Characterization of structural and magnetic
Rp1 magnetic properties of MnSe/ZnSe super- Rp7 order of Er/Y superlattices, J. Borchers,
(contributed) lat-ices near monolayer limit, D. Lee, (contributed) M. B. Salamon, R. Du, C. P. Flynn, University

S.-K. Chang, H. Nakata, A. V. Nurmikko, of Illinois at Urbana-Champaign, R. W. Erwin,
Brown University; L. A. Kolodziejski, J. J. Rhyne, National Bureau of Standards
R. L. Gunshor, Purdue University 3:45 Superconductivity of Cr/V superlattices,

1:45 Structural studies of (Ga,ln)(As,P) alloys Rp8 B. M. Davis, P. R. Auvil, J. B. Ketterson,
Rp2 and (InAs)m(GsAs)n strained-layer (contributed) J. E. Hilliard, Northwestern University
(contributed) superlattices by fluorescence-detectedEXAS, . Oansi, lecrotchncal4:00 Concluding remnarks end informal discussion

EXAFS, H. Qyanagi, Electrotechnical
Laboratory; Y. Takeda, Kyoto University;
T. Matsushita, National Laboratory for High
Energy Physics; T. Yea, T. Ishiguro, Electro-
technical Laboratory; A. Sasaki, Kyoto
University (Japan)

2:00 Type III - Type I transition and strain effect
Rp3 in Hg1 Cd Te-CdTe and Hg, xZn Te-CdTe
(contributed) Superlattices, S. Sivananthan, X. thu,

J. P. Faurie, University of Illinois at Chicago

2:15 Atomistlc simulation of stability,
Rp4 metastability, and growth of strained layer
icontributed) structures, B. W. Dodson, P. A. Taylor,

Sandia National Laboratories

2:30 Ordering transitions of ternary alloys
Rp5 A.' B C, K. E. Newman, J. Shen, University of
(contributed) Notre bame
2:45 Aperiodic superlattices: Structured -',." ¢
Rp6 randomness, R. Clarke, T. D. Moustakas,
lontributed) Exxon Research and Engineering Company;

R. Merlin, University of Michigan

3:00 Break and Poster Session 2
8
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Ballistic Transport and its Consequences in GaAs Quantized Regions

M. Heiblum
IBM, Thomas J. Watson Research Center, Yorktown Heights, N. Y. 10598

The possibility of ballistic electron transport in semiconductors was speculated
on for years, however, it was only recently that definite experimental verifications
were provided for it in GaAs 1. Moreover, the experiments enabled the determination
of the fractions of the injected currents that had traversed thin GaAs layers
ballistically. This was accomplished with the aid of the 'Tunnelling Hot Electrons
Transfer Amplifier' (THETA) device, constructed from GaAs - AIGaAs
heterostructures 2. Using the THETA device as an electrun spectrometer, we have
measured ballistic-electrons energy-distributions on the order of 60 meV wide. Of the
injected currents, ballistic fractions as high as 75% (15%), have been measured to
traverse heavily doped GaAs layers 30 nm (80 nm) wide. As the transport regions S
increased in length, the ballistic electron distributions remained invariant, but the total
number of ballistic electrons decreased .

Since the thin GaAs transport regions are confined between two potential bar-
riers in the THETA device, quantum size effects are expected to occur. Their exist- .

ence was verified via the observation of strong modulations in the ballistic currents
injected into these confined regions We were able to see 'bound' and 'resonant'
energy states (in the confined and continuum energy ranges, respectively), that were
sensed by the ballistic, coherent, electrons. These quantum effects are expected to 'V.
affect the scattering mechanisms that are dominant in thin, heavily doped, GaAs lay-
ers.

In addition, for sufficiently high injection energies, scattering of ballistic
electrons into upper satellite valleys (the L - valleys) was observed 1. Because these
scattering events randomize the phase and the direction of some of the ballistic
electrons, the above mentioned quantum interference effects, and the population of
the ballistic ensembles propagating through the GaAs layers were observed to de-
crease above the onset of intervalley scattering.

Work was done with the collaboration of I. M. Anderson, E. Calleja, W. P. Dumke, M.
V. Fischetti, C. M. Knoedler, M. I. Nathan, L. Osterling, D. C. Thomas, and G. C. Wilson.

1. M. Heiblum, Solid-State Electron. 24, 343 (1981).
2. M. Heiblum, M. I. Nathan, D. C. Thomas, and C. M. Knoedler, Phys. Rev. Lett. 55, 2200 I

(1985). "

3. M. Heiblum, I. M. Anderson, and C. M. Knoedler, Appl. Phys. Lett. 49, 207(1986).
4. M. Heiblum, M. V. Fischetti, W. P. Dumke, D. J. Frank, I. M. Anderson, C. M. Knoedler, and

L. Osterling, Phys. Rev. Lett. 58, 816 (1987).
5. M. Heiblum, E. Calleia, I. M. Anderson, W. P. Dumke, C. M. Knoedler, and L. Osterling.

Phys. Rev. Lett. 56, 2854 (1986).
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Abstract for invited talk at the Third International Conference on
Superlattices, Microstructures and Microdevices

.5

PERPENDICULAR TRANSPORT OF CARRIERS IN
SUPERLATTICE MINIBANDS:
DIRECT DETERMINATION BY

SUBPICOSECOND LUMINESCENCE SPECTROSCOPY

Jagdeep Shah, Benoit Deveaud* and T. C. Damen

AT&T Bell Laboratories, Holmdel, NJ 07733
and

Andre Regreny
Centre National d'Etudes des Telecommunications

LAB/ICM, 22301 Lannion. FRANCE

When the wavefunctions of carriers in the neighboring wells of a multilayered
semiconductor heterostructures overlap significantly, the energy levels
broaden into minibands with extended, Bloch-type states. These minibands
are expected to lead to the transport of carriers perpendicular to the layers
(Bloch Transport) and many interesting aspects of transport in such
superlattices have been discussed in the literature.

We have directly measured the motion of carriers in superlattice minibands
by using subpicosecond luminescence spectroscopy. These measurements
determine the mobility of electron and hole transport in minibands for the
first time and demonstrate clearly the existence of Bloch transport for
sufficiently small barrier widths. In stepwise, graded gap superlattices, we
find that the time to travel a distance of 1 micron increases dramatically from
50 ps to 1 ns as the barrier width is increased from 20 X to 30 X. This
drastic change results from the fact that the transport proceeds via Bloch
states in the former case but via localized states in the latter case. Similar

* On leave from CNET, 22301 Lannion, FRANCE
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Hot Electron Transistors Grown by KOCVD

K.Kawai, I,Hase, S.Imanaga, K.Kaneko, and N.Watanabe

Sony Corporation Research Center,
174,Fujistuka-cho,Hodogayaku, Yokohama 240, Japan

Monolayer-precision superstructure devices such as ulta-thin
superlattices and quantum wells can be fabricated by metalorganic chemical
vapor deposition (MOCVD) and their structural quality is favourably
confirmed[i,2]. Energetic electron transport in III-V semiconductor is
also investigated through the analysis of MOCVD grown single barrier
diodes[3] and hot electron transistors (HET)[4] as well as MBE grown
ones[5].

The characteristic behavior of injected hot electron in narrow base
of AlGaAs/GaAs HETs was reported mainly by Heiblum. There are, however,
still many issues which should deeply be discussed on the hot electron
transport. For instance,
1. the significance of electron-electron interaction or plasmon

scattering which is not yet clearly observed in the real HET,
2. direct observation of the transfer into the L and X valleys,

which should be observed as a peak directly in a transfer ratio,
a(=I/Ie), vs. V relation rather than in the derivative of ace be
as was the case with the all published papers.

To better understand the mechanism of the hot electron transport, we
have fabricated a series of HETs using the MOCVD in which we changed the
values of several of the parameters, collector barrier height, base width,
base doping concentration and base depth by incorporating In. The results
of our experimentation are shown bellow.
1. A peak appeared in the a vs. Vbe curve when V e, 350 meV, and a

shoulder appeared when V ~ 480meV, showing tkat transfer had occured
be

fromrn into L and X valleys,respectively.
2. A double peak appeared around 300 meV in the derivative of a,

showing elastic and inelastic transition into L valleys.
3. With base concentrations and a collector barrier height, which both

had a wide range, a was equal to exp(-W b/L), where Wb is the base
width and L is a constant.

4. The emitter grouded current gain of a HET with W .50nm reached 5.6.
5. Critical comparison of the real HET with Monte Ckrlo particle

simulation[6] showed that plasmon scattering has a significant effect
on transport in HETs with highly doped bases.

This work was supported by the MITI's Project of Basic Technology for
Furture Industries.

[1] K.Kajiwara,H.Kawai,K.Kaneko,and N.Watanabe,
Japan.J.Appl.Phys.24,185(1985)

[2] H.Kawai,K,Kaneko,and N,Watanabe, J.Appl.Phys.58,1263(1985)
[3] I.Hase,H.Kawai,K.Kaneko,and N.Watanabe, Electron. Lett. 20,491(1984)
[4] I.Hase,H.KawaiS,Imanaga,K.Kanekoand N.Watanabe,

Electron.Lett.21,757(1985)
15] M.Heiblum, Solid-State Electron.24,343(1981)
[6] S.ImanagaH.Kawai,K.Kaneko,and N.Watanabe, J.Appl. Phys.59,3281(1986)
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Raman, Photoluminescence and Modulation Spectroscopy

of Semiconductor Heterostructures

A.K. Ramdas

Department of Physics, Purdue University
West Lafayette, IN 47907, USA

Collective and localized excitations in semiconductor heterostructures

can be discovered and delineated with a number of spectroscopic techniques.

When subjected to an alternating strain, the piezomodulated optical

properties - as in the bulk - display signatures characteristic of electronic

transitions. Results for single-, double-, and multiple quantum wells in

GaAs/AZxGa _xAs quantum well structures reveal electronic transitions in the

wells, the barriers and the buffer layer with exceptional clarity.

Raman scattering in a single quantum well of GaAs sandwiched between

AZ Ga As layers reveals longitudinal optical (LO) phonons confined to the
xl-x

well, resonance of the scattered radiation with the electronic transitions of

the well being exploited. The frequencies of the confined LO phonons agree

well with these deduced from the bulk dispersion of GaAs. Also observed in

the Raman spectrum of superlattices of such structures are the "interface"

optical phonons - they being more intense in less perfect interfaces.

Raman spectroscopy applied to heterostructures of diluted magnetic semi-

conductors (e.g. CdxMnx Te/Cd Mn Te) show (1)'zone folded'acoustic phonons

(2) 'propagating' and 'confined' optical phonons (3) 'interface' optical

phonons. The large magnetic field shifts in the photoluminescence associated

with the electronic transitions in the quantum wells demonstrate the existence

of large exchange interaction between the band electrons and the magnetic

ions, as in the bulk. This effect is exploited in the magnetically tuned

resonance enhancement of the Raman spectrum of optical phonons. Magnetic

excitations in diluted magnetic semiconductor heterostructures will be dis-

cussed.

13
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FAR-INFRARED STUDIES OF DOPED A1GaAs/GaAs
MULTIPLE-QUANTUM-WELL STRUCTURES

J-M Mercy, Y-H Chang, A. A. Reeder, G. Brozak and B. D. McCombe

University at Buffalo
State University of New York

Recent far infrared (FIR) experiments on doped AlGaAs/GaAs
multiple-quantum-well (MQW) structures will be reviewed. Experi-
ments were carried out between 4.2 and 70K in magnetic fields up
to 9T with a FIR fourier transform spectrometer. The MQW
structures were grown by MBE with well-widths between 80 and
450 A and barrier widths between 125 and 150 A The structures
were selectively doped with Si impurities in the center of the
wells, or both in the center of the barrier and in the center of
the wells. Magnetoabsorption measurements on the latter samples
show three absorption lines in the vicinity of the hydrogenic
donor Is - 2p(m=+1) transition. The highest frequency line is
due to neutral donor impurities in the well-centers. The
strongest line, the lower frequency of the two "new" lines, is
attributed to electrons in the wells bound to their positively
charged parent donors in the center of the barriers. Experiments
on the widest-well center-doped sample with the magnetic field in
the plane of the sample and light propagation perpendicular to
the magnetic field (Voigt geometry) have permitted the
observation and identification of the 2p state for the hydrogenic
donors that is associated with the first excited confinement
subband. The energy of this state is in good agreement with
calculations. Experiments have also been carried out under
optical excitation with the pump photon energy greater than the
gap of the AlGaAs. All MQW structures studied exhibit large
excess free electron concentrations (as measured in-situ by
cyclotron resonance) at low pump intensities, while the density
of neutral donors remains unchanged or increases (as measured by
the intensity of the hydrogenic is - 2p(m=+l) absorption line).
The excess electrons under these conditions are attributed to the
existence of substantial densities of compensating acceptors in
the wells. This optical pumping effect has been used to study
the effects of screening on the shallow donors in the wells.
Within experimental error, no screening effect on the hydrogenic
is - 2p transitions is observed for excess electron densities in
the region where theoretical calculations predict substantial
reduction in the binding energy. Possible explanations will be
discussed.

Work supported in part by ONR, ARO, and NSF through a grant to
NRRFSS.

Samples were grown by J. Ralston and G.Wicks at Cornell U., and
by J. Comas and W. Beard at NRL.
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Electro-optical Studies of AIxGa.xAs/GaAs

Coupled Quantum Wells*.

H. 0. Le, J. J. Zayhowski, W. D. Goodhue, J. V. Hryniewicz, and V. A. Mims.

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173.

ABSTRACT

"V

The interest in semiconductor quantum wells (QWs) is based, in part, on their promise

for optoelectronic applications. For the majority of these applications, the key physical

effects result from quantum confinement. The engineering of quantum confinement |

systems can benefit from more complex structures whose wavefunctions can be designed

* .-~ with more flexibility than in square QWs.

AlxGa 1 xAs/GaAs coupled quantum well structures consisting of a pair of square
- ,.,'

QWs have been investigated experimentally. The influence of electric field on the optical "

properties differs significantly in this type of structure from that of square QWs, and in

fact, effects appear that do not exist for square QWs. Analysis indicates that some of the :':

observed properties are due to the shapes of the confinement wavefunctions. Novel

effects also arise from the electrically tunable crossing of the quantized light hole and

heavy hole levels in the valence band, and the shifting of Fermi levels in doped .%
.%

structures. These effects promise novel applications beyond those of square QWs.

V.

15V
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'-'
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Quantum wells and bulk AIGaAs under hydrostatic pressure
* t

Meera Chandrasekhar** and H.R. Chandrasekhar

University of Missouri, Columbia, MO 65211

Excitonic and staggered transitions In quantum wells1 and deep donor

levels tied to indirect bands in AlxraixAs are studied using spectroscopic

techniques such as photoluminescence (PT) and photoreflectance 2 (PR) under

high pressures (70 khar) and low temperatures (K and above).

In the quantum wells, valence hand offsets have been determined using the

staggered transition between the electron in the AlraAs X well and the hole in

GaAs VB well. The valence offset is found to he 3n±l,/. The pressure

coefficients (a) of confined transitions have been studied as a function of
well width Lz using PT, and as a function of quantum number n using PR. These

transitions are found to have ci's upto 1()/ lower than that of the GaAs host as

1z decreases or n increases. While there are several competing factors, the
3 *

major effect is due to the change in the electron effective mass m as a
e

\ ' function of nressure and the nonvarabolicitv of the r conduction band (CB).

* r)eep donor levels observed in AlaAs are seen to be resonant states tied

to initiallv to the T, (7R and at high pressures to the X C7. A detailed study

for a series of temperatures and excitation intensitv revealq luminescence

from the DY center, and its behavior under nressure.

J.C. is supported hv 17.1. Army Grant DAAL o3-8r,-K-nfR3, Research Corporation

and Amoco (orporation.

.p.r. is sunported hv TT.S. Denartment of Energv ,rant DF-Arf2-R4ER-49n48.
**

A.1D. Sloan Foundation Fellow

This work was done in collaboration with T7. Venkateswaran, A. Kangarlu and

the authors In Refs. I and 2.

I. TT. "enkateswaran et. al. Phys. Rev. 131, 410A (lQA5); Phvs. Rev. R3 R416

(lq8A, ; T(Pq-I8, Aue. lqA6.

4 . 2. A. Kanfarlu et. al. Superlatt. and Micrortr., _ 96 (IQ8).

3. D.7.-Y. TIng and Y.C. Chanc7, iinpuhlished.
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Auger Recombination in GaSb/AlSb-Multl Quantum Well Heterostructures

E. Zielinski, H. Schweizer, R. Stuber
4. Physikalisches Institut, Universit5t Stuttgart, D-7000 Stuttgart 80, FRG

G. Griffiths H. Kroemer, S. Subbanna
ECE Department, Univ. of California, Santa Barbara, California 93106, USA
Now at CSIRO, Division of Radio Physics, Epping, NSW 2121, Australia

We report the experimental determination of Auger recombination coeffi-

cients in GaSb/AlSb multi quantum well heterostructures. The samples inves-
tigated were grown by MBE and consist of a Ijm thick multi quantum well
structure. The well widths range from 40 A to 120 A.

Auger recombination reduces the carrier lifetime and therefore strongly

influences devices which are operated at high carrier densitiy levels like
semiconductor lasers. Especially in GaSb, where the spin-orbit splitting

and the band gap energy are comparable /I/ strongest Auger recombination

ra 2s are expected due to the negligible activation energy for the CHSH-
process. This process, where a recombining electron-hole pair transfers

energy and momentum to a heavy hole which is excited into the split-off

band, gives rise to a weak emision (1 photon/sec.) at the energy of E +Ao.
This E +Lo luminescence is used to monitor the population processes o :-de

the spyit-off band via carrier scattering (CHSH-process) and inter valence .
band absorption.

We have investigated simultaneously the E and E +L luminescence under
the same experimental conditions. The tem erature and excitation power de-

pendence (T= 2 - 340 K, P= 0.01 - I MWcm ) of both emissions was analyzed
applying coupled carrier rate equations for the conduction and the valence
subbands including the split-off band. Information on the actual carrier
density was obtained by line shape analysis of the E emission. Density

11 -2
values up to 9.10 cm are determined. g

The most important results are
i) The dominant population process of the split-off band is the CHSH-

Auger process as compared to the inter valence band absorption.
ii) The Auger coefficients exhibit a dependence on the well width: at

wider wells (L > IOOA) the coefficients are comparable with bulk
values /2/ whereas a decrease with decreasing well width is observed.

iii) No resonance of the Auger recombination is observed tuning the band gap

energy over the spin-orbit splitting with temperature, as in bulk GaSb.

/I/ G. Benz, R. Conradt, Phys. Rev. B 16, 843 (1977)

/2/ A. Haug, J. Phys. C: Solid State Phys. 17, 6191 (1984)
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PIEZOELECTRIC EFFECTS IN STRAINED LAYER SUPERLATTICES

by

D. L. Smith I
Los Alamos National Laboratory

Los Alamos, NM 87545

and

C. Mailhiot
Xerox Webster Research Center
800 Phillips Road, 0114-41D

Webster, NY 14580

ABSTRACT t

Because zincblende structure semiconductors are piezoelectric,
polarization fields can be generated in the constituent materials of
strained layer superlattices by lattice mismatch induced strain. The orien-
tation cf the polarization fields depends on the superlattice growth axis.
For a [111] growth axis, the polarization fields are parallel to the growth
axis; for a [110] growth axis, the polarization fields are perpendicular to
the growth axis; and for a [100] growth axis, no polarization fields are
generated. Because one of the constituent layers of the superlattice is in
biaxial tension and the other is in biaxial compression, the sign of the
polarization field is opposite in the two constituent layers making up the
superlattice period. Thus, sheets of divergence of polarization occur at
the interfaces of a [111] growth axis superlattice and sheets of curl of
polarization occur at the interfaces of a [110] growth axis superlattice.
The sheets of divergence of polarization generate internal electric fields
and the sheets of curl of polarization generate electric displacement fields.
The magnitude of these fields can be very large. For example, electric
fields exceeding 105 V/cm can easily be reached. These fields signifi- k

cantly change the electronic structure of these superlattices. As a result,
the optical response of these superlattices is strongly modified by the
fields. The fields can be externally modulated by electrical bias, applied
stress, and screening by photogenerated free carriers. Thus, the materials
have large electro-optic, piezo-optic, and nonlinear optic coefficients. We
illustrate these properties by a series of calculations on strained group
III-V superlattices.

18
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Ultrafast Optical Nonlinearity in Quantum Well Structures with Electric Field

Masamichi Yamanishi

Department of Physical Electronics, Hiroshima University
Saijocho, Higashi-Hiroshima, 724 Japan

A new concept on field-induced optical nonlinearity due to virtual tran-
sitions in quantum well (QW) structures will be proposed, showing some

examples of theoretical result on the nonlinearity. In a QW structure subjec-

ted to DC electric field EO, negative and positive electric charges of which
spatial profilesare given by wave functionsat the subbands (le, 2e,'", and
lhh, 2hh,-, lkh, 2kh,'") induced by the virtual transitions due to an

intense pump light with a photon energy'wp far below the band gap may produce

a screening field E., cancelling out, to some extent, the external bias field
E0 (see Fig.l). As a result, one may expect a blue shift of the energy gap
and changes in oscillator strengths for a weak signal light with a photon
energy is. The switching times of the nonlinearity should be very short,
,tI00 femtosec., both for the ON- and OFF-processes because the electric

charges are induced by the virtual processes and the field cancellation
results from the internal charges inside the QWs. In other words, the
switching characteristic is free from life time limitation, in a contrast with

those due to real excitation processes, and from C*R-time constant limitation.
As a consequence of numerical estima-

tions, the following result is obtained for a

Gal_xAlxAs graded gap (x=O - 0.3, Lz=2OOA) QW

structure. An increase in the le-lhh transi- Es
tion oscillator strength, 3.6%, and a blue

shift of band gap, 0.17meV are expected for a le
pump power density of 108 W/cm 2 with a photon

energy, 100meV below the energy gap and for an

electric field EO of 9xlO 4V/cm. The variationI S

in the oscillator strength is significantly

larger than that (bleaching) due to conventio- Wp
nal phase filling mechanism. The amount of

blue shift is comparable to that due to

dressed exciton mechanism.') The field- "'- lhh
induced optical nonlinearity seems to be

observable and quite useful for designing an

ultrafast optical gate.

1) S.Schmitt-Rink and D.S.Chemla, Phys. Rev. f'- -

Letters, 57 (1986) 2752.
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STRAINED LAYER AND LATTICE MATCHED TRANSVERSE
JUNCTION STRIPE QUANTUM WELL LASERS FOR
CONTINUOUS ROOM TEMPERATURE OPERATION

'1

Y.J. Yang, K.Y. Hsieh, and R.M. Kolbas .-"
North Carolina State University, Raleigh, North Carolina 27695-7911

(919) 737-2336 -

Two new Transverse Junction Stripe (TJS) laser structures using lattice matched p

AIGaAs-GaAs and strained layer InGaAs-GaAs-AlGaAs quantum wells have been demon- J"

strated. The lasers are grown by molecular beam epitaxy and the junction is produced by
a two step zinc diffusion and anneal. The diffusion process produces a lateral heterojunc-
tion (in addition to the as grown heterojunctions) by diffusion enhanced compositional "

disordering of the quantum well active region. Both lasers exhibit low thresholds (20-30 V

mA, continuous wave, room temperature) and single mode operation. The excellent per-
formance of both lasers indicates that high quality lateral p+-p-n junctions and hetero-
junctions can be formed by zinc diffusion enhanced compositional disordering of both lat-

tice matched GaAs-AIGaAs and strained layer InGaAs-GaAs-AIGaAs quantum well
" ' structures.

We will present data on the growth, processing and characterization of the lasers
which confirms our claim of high quality lateral heterojunctions in a quantum well struc-
ture. The temperature dependence of the threshold current T. = 120K for 77K < T <

270K; To = 100K at 300K) are comparable to double heterostructure lasers. Preliminary

lifetime data (200 hrs.) for the strained layer laser shows no observable degradation in the
power-current characteristics. Also, the InGaAs-GaAs-AIGaAs laser result is the first
demonstration of a continuous wave room temperature strained layer laser grown by I

molecular beam epitaxy.

20
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% % Semiconductor Microcrystallites in Porous Glass

and Their Applications in Optics

.1%• John C. Luong

Corning Glass Works R&D Laboratory

Corning, N.Y. 14831, USA

-.

Astract

Fabrication of semiconductor microcrystallites is of much current

interest in the rapidly advancing field of artificial superlattices and

quantum well structures. We wish to report on the utilization of the

microporosity in Vycor brand porous glass to produce microcrystallites of

semiconductors of groups II-VI, IV-VI and layered transition metal

chalcogenides. Based on electronic spectral evidence, quantum confinement

effects have been observed in some of the semiconductors when confined

spatially within the pores of the porous glass. Nonlinear optical

applications of the porous glass doped with semicoductors microcrystallites

will be discussed.
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CONTROL OF CARRIER LIFETIME IN PbTe nipi
SUPERLATIlCES BY EXTERNAL PHOTOINJECTION

G. Bauer and J. Oswald
Montanuniversitat Leoben, Leoben. Austria

W. Goltsos and A.V. Nurmikko
Brown University, Providence RI, USA

Versatile PbTe nipi superlattices have been recently demonstrated to
reach near theoretical limits as infrared detectors (I). Apart from their
epitaxial material quality, increased sensitivity arises from large enhancement
of nonequilibrium carrier lifetimes due to electron and hole separation in real
space by the built-in nipi potential. We have employed methods of time
resolved photoconductivity to investigate the influence of photoinjected
electron hole pairs on recombination rates over a wide range of experimental
conditions. Large photoinduced lifetime changes from "50 psec to -1 nsec have
been observed. At very low excess carrier densities, two dominant
recombination mechanisms can be identified. At low temperature, recombination"-%

rates are determined by the probability for tunneling into the nipi barrier
while at higher temperatures thermally activation above the barrier leads to
direct recombination by vertical transitions. For typical superlattice parameters
the two mechanisms are comparable at about 130 K. At high excess carrier
densities approaching the static space charge density of the ionized dopants.
the nipi potential can in principle be neutralized with lifetime approaching the
bulk PbTe limit. We have solved the nipi potential self-consistently to provide
a good theoretical description to the experimental observations. The 
recombination dynamics following excitation by an intense ultrashort laser
pulse are well described by properly including Auger recombination to account
for the nonexponential carrier decay. Finally, we have also investigated the
transition from the usual electric potential dominated regime to one controlled
by an external magnetic field. ,

(1) G. Bauer. in Superlatttices and Microstructures. vol. 2 (1986)
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Spectroscopy of One-Dimensional Subbands on InSb

U. Merkt, Ch. Sikorski, and J. P. KotthausU.1

Institut fur Angewandte Physik, Universitit Hamburg,

2000 Hamburg 36, JungiusstraBe 11., F.R.G.

We prepare periodic metal stripes with grating constants a-250nm and

small free widths w-100nm between stripes on InSb surfaces of

metal-oxide-semiconductor structures (see Fig.)

S1 -- 1 -c~ic I

Fig.: Laterally microstructured MOS capacitor on InSb.

In such microstructures, electrons of fairly high mobility U-20000

cm V-,s -
1 are induced by a gate voltage into the channels between the

metal stripes. Their optical excitations are studied by far-infrared laser

and Fourier spectroscopy. Cyclotron resonance experiments in

quantizing magnetic fields show the importance of a lateral confining

potential and a transition from two-dimensional to one-dimensional (11))

behavior when the magnetic field strength is decreased. Resonance

energies are measured in zero magnetic fields as a function of the

applied gate voltage V9 and are discussed with the aid of simple

theoretical pictures of the ID quantization. The experimental results

:., ., and their comparison with theoretically expected values demonstrate. -

"-'" that we have in fact created quasi ID subbands on InSb.

2 3
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.. '. AHARONOV-BOHM EFFECTS IN DISORDERED METALS -4

Y. Bruynseraede and C. Van Haesendonck

Laboratorium voor Vaste Stof-Fysika en Magnetisme, Katholieke Universiteit

Leuven, B-3030 Leuven (Belgium)

After the discovery of weak electron localization, it became clear that inter-

ference processes between diffusing electron waves in disordered metal films

can not be neglected. Due to inelastic scattering and spin scattering by magnetic

impurities, the interference only occurs over distances shorter than a charac-

teristic phase breaking length L,.1 r ( the crder- of I pm at low temperatures).

In thin metal films it a size m .ch larger than L ensemble averaging

largely destroys the influence c'f thK ;interfer .. r sse Fcr back-scattering

along time-reversed paths, ......--, since the phase

difference between the two rtiai Lt zero. In a 

magnetic field perpendicular to tre time-ree.rse: paths, the back-scattering
probability oscillates with fiux-per" Fc. . metal films (length

much longer than L), magnetores:s an-e osc:avns with :x-period h/2e can

be observed experimentally... -- _ < _ aius).

When the size oF a metal fir i ml. -semle av eaging is not

complete. In this "mesoso:i reenoe 5etwe .spr itt"e-" electrcn

waves traveling along different pathS, ca- '- n meneecte . For a

geometry, the direct interference gives rise tc e:Xperimentally observable

magnetoresistance oscillations with the fundamental Aha.ronov-Bohm period h/e.

Due to the back-scattering processes, h/2e oscillations will also be present in

the ring geometry. When N rings are measured in series, the amplitude of the
1/2

h/e oscillations decreases inversely proportional to N , in agreement with

stochastic ensemble averaging. As expected, the h/2e oscillation amplitude is

independent of N, since the back-scattering probability is not influenced by the

ensemble averaging.

* Bevoegdverklaard Navorser of the Belgian Nationoal Fonds voor Wetenschappe-

lijk Onderzoek
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ENERGY LEVELS AND MAGNETO-ELECTRIC EFFECTS IN SOME QUASI UNI-DIMENSIONAL

SEMICONDUCTOR HETEROSTRUCTURES

J. A. Brum and 0. bastard

Oroupe de Physique des Solides de l'Ecole Normale Superieure

24 rue Lhomond, F-75005 Paris (France)

We consider quantum wires in the quasi-decoupled situation: the side lengths L,, L2 are

characterized by L, >> L,. In this approximation the Schrodinger equation for the envelope functions

becumt s qusi-sepdruble in x und z ur, states energetically close from the r. edges of the host

materials. Accordingly, the eigenvalues are approximately classified in terms of closely spaced L,

levels derived from well separated L2 levels To each of these eigenvalues is attached a

one-dimensional subband due to the free motion along the y axis. For the F8 valence states the

subband structure is more complicated. In a rectangular quantum wire, the confinement in the

x-direction introduces a mixing in the J ±3/2 and J ± 1/2 levels This mixing increases with

increasing quantization along the x axis. Furthermore, it is enhanced at non zero wave-vector along

the y-direction.

We consider also the case of rectangular quantum wires assumed to be n-type spike- and

modulation-doped on one of the LX sides. A self-consistent calculation Is performed and the energy

levels and the charge transfer are calculated.
S

Finally, we consider quantum wires subjected to crossed electric and magnetic fields

perpendicular to the wire axis. At zero electric field the energy spectrum displays a cross over from

a L-governed quantization to a B-governed quantizetion, At zero magnetic field the electric field "

leads to quadratic Stark shift of the energy levels followed by an interface accumulation regime The .

two kinds of behaviours are mixed if both electric and magnetic fields are non vanishing.

25
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Quantum Transport in an Electron Waveguide

A. M. Chang and G. L. Timp
AT&T Bell Laboratories
Holmdel, NJ 07733

We have fabricated high mobility, one dimensional wires in GaAs/AlGaAs

heterostructures in which the width of the conducting channel is comparable

to the electronic wavelength, and measured the ohmic, four terminal,

electrical resistance as a function of magnetic field and temperature.

Because of the size of the devices and the high mobility, a few transverse

channels carry the current at 35mK with minimal scattering. Fluctuations

* in the resistance are observed as a function of magnetic field for

*~ 0wj<300, where % is the cyclotron frequency and r is the scattering

' .-. time, superimposed upon Shubnikov-deHaas oscillations. At low temperature

1. the frequency and amplitude of fluctuation decrease as the magnetic field
'4

approaches the extreme quantum limit where only the lowest Landau level is

occupied. We propose that the fluctuations in the resistance of the wire

are due to the Aharonov-Bohm effect, and that the change in the frequency

of oscillation is due to the change in the probability amplitude of the

electronic wavefunction across the wire as the Landau level index changes

with field. At sufficiently high fields in the regime of well developed

quantized Hall effect, the fluctuations may arise from finite size

percolation effects in the electron wavefunction. In contrast with recent

results where the amplitude of fluctuation is approximately e2 /h for u <1,

we find that the rms amplitude of fluctuations in the conductance is larger

than 80e 2 /h at low fields, and for particular ranges of fields, negative

dynamic resistance is observed for lwj>l.

,
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TRANSPORT IN GaAs HETEROJUNCTION RING STRUCTURES

C.J.B. Ford, T.J. Thornton, R. Newbury, M. Pepper, H. Ahmed
Cavendish Laboratory, Cambridge, CB3 OHE, UK

and
G.J. Davies, D. Andrews

British Telecom Research Centre, Martlesham, Ipswich, UK

In earlier work we have shown that the split gate
GaAs-AIGaAs heterojunction FET has been a very useful system
for obtaining 1D transport.", 2 We have now extended this work to
the construction of ring structures. Here, a ring of resist

(outside diameter 2.2gm, inside diameter 0.1gm) is formed on the

AIGaAs surface using Electron Beam Lithography, and is covered S

with metal, thereby forming a Schottky gate inside and outside
the ring. Application of a negative voltage to the gates depletes
the high-mobility 2D electron gas at the interface, except in a
narrow annulus between the gates. The width of this ring-shaped

S,.2D electron gas can be varied by changing the gate voltage.
The magnetoresistance was measured down to -50 mK and

magnetic fields up to 10 Tesla. We present results on the
Aharonov-Bohm effect and conductance fluctuations at low
fields, and on magnetic quantisation at high fields.

References
1. T.J. Thornton, M. Pepper, H. Ahmed, D. Andrews and G.J.
Davies, Phys. Rev. Lett. 56, 1198 (1986).

2. K.-F. Berggren, T.J. Thornton, D.J. Newson and M. Pepper,
Phys. Rev. Lett. 57, 1769 (1986).
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METALLIC SUPERLATTICES*

Ivan K. Schuller

Materials Science Division

Argonne National Laboratory, Argonne, Illinois 60439

I will describe the preparation, characterization and physical properties

of metallic superlattices. The structure and growth of metallic superlattices

is determined by a variety of epitaxial considerations, including the

structure of the constituents as well as their equilibrium thermodynamic phase '

diagram. The structural properties determined using surface analytical and

diffraction techniques will be related to numerical simulation studies,

particularly molecular dynamics.

% The physical properties including transport, elastic, magnetic, and

superconducting properties will be related to structural properties. I will

show that the physical properties depend strongly on the length scale of the

physical phenomenon under study and that different structural characteristics

should be emphasized accordingly. Some of the unusual physical properties

such as anomalous elastic constants, electron localization, dimensional cross-

over, magnetic coupling, etc. will be described to illustrate the richness of

phenomena present in these microstructures.

,

Work supported by the Office of Naval Research under Grant #N0014-83-F-0031
and the U.S. Department of Energy, BES-Materials Sciences, under Contract
#W-3 1-109-ENG-38.
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FERROMAGNETIC/SEMICONDUCTOR HYBRID STRUCTURES

G.A. Prinz
• "..**~ Naval Research Laboratory
-' Washington, DC 20375-5000

Recent work has shown that single crystal ferromagnetic films
can be grown enitaxial v on corpound semiconductor surfaces using
molecular beam eDitaxyi',2 ,3'4 These heterostructures can provide
the basis for new hybrid device structures which could exploit
the proDerties of both the semiconductor as well as the ferro-
magnet. In particular it permits the growth of monolithic struc-
tures in which a magnetic field, provided by the ferromagnet ele-
ment of the structure, may act upon the semiconductor component
of the structure. This may affect either the electronic trans-
port properties or radiation propagating through the semiconduc-
tor. A number of these heterostructures will be discussed, in-
cluding Fe and Co grown on GaAs, ZnSe and Zn- MnxSe. The growth
conditions and interface nroperties will be described. Finally,
several apDlications of these heterostructures will be illustrated,
including high frequency and magneto-optical device applications.

(1) G.A. Prinz and J.J. Krebs, Appl. Phys. Lett. 39, 397 (1981).

(2) G.A. Prinz, Phys. Rev. Lett. 54, 1051 (1985).

(3) G.A. Prinz, B.T. Jonker, J.J. Krebs, J.M. Ferrari and F.
Kovanic, ApDl. Phys. Lett. 48, 1756 (1986).

(4) B.T. Jonker, J.J. Krebs and G.A. Prinz, Bull. Am. Phys. Soc.
32, 771 (1987).
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Properties of Synthetic Magnetic Superlattices

J. Kwo, AT&T Bell Laboratories, Murray Hill, NJ 07974

Recent advances in the metal molecular beam epitaxy technique have produced high
quality synthetic magnetic spin superlattices. The basic building blocks of the superlattices
consist of magnetic rare earths e.g., Gd, Dy and Ho and their nonmagnetic analog e.g., Y.
Systems studied to date include Gd-YI, DY-Y 2 , Ho - Y, Gd-Dy, periodic superlattices, as well
as quasi-periodic Gd-Y superlattices in the Fibonacci sequence. The growth mode of rare
earth metals follows the layer-by-layer type, and oscillations in the RHEED intensities were
observed at low growth temperature (<200°C). The structural perfection of the superlattice
crystals including the in-plane coherence length and the interfacial width of the chemical
modulation are approaching those achieved in the semiconductor (III, VI) superlattices 3 .
Magnetization measurements4 and polarized neutron diffraction studies' have demonstrated
that the overall magnetic order of the superlattice as a whole is modulated by the superlattice -
periodicities. This long range magnetic correlation is caused by the coherent propagation of
the Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling through the conduction electrons of
the nonmagnetic intervening Y layer. These results will be presented along with an intriguing
interplay between ferromagnetic and helimagnetic order recently observed in the Gd-Dy .
superlattices.

1.) J. Kwo, E. NI. Gyorgy, D. B. McWhan, M. Hong. F. J. Di Sal\o, and J. E. Bower.
Phys. Rev. Let., 55, 1402 (1985).

2.) M. Hong. R. M. Fleming, J. Kwo, L. F. Schneemeyer, J. V. Waszczak and J. P.
Mannaerts, (to appear in J. AppI. Phy.ics. 1987).

3.) C. Vettier, D. B. McWhan, E. NI. Gyorgy, J. Kwo, B. NI. Buntschuh and B. W.
Batternian, Phys. Rev. Lett.. 56, (1986).

4.) J. Kwo, NI. Hong, F. J. Di Salho, J. V. Waszczak and C. F. Majkrzak. (to be
published).

5.) C. F. Majkrzak, J. W. Cable, J. Kwo, M. Hong. D. B. Mc\'han, Y. Yafet, J. V.
Waszczak and C. Vettier, Pk. s. Rev. Lett.. 56, 2700 (1986).
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Clarendon Laboratory. Parks Road, Oxford University, Oxford, U.K.

Cave:ndishi Laboratory. ',*as4.nlev FRoaJ, Canc~rid--- Univ,-rsity. Cambrid:-, U.V.
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Abstract of paper to be presented at the Conference on Superlattices,
Microstructures, and Microdevices, Chicago, August 17-20, 1987

THEORETICAL ASPECTS OF ELECTRON TRANSPORT IN MODULATED STRUCTURES

B. VINTER and T. WEIL
THOMSON-CSF

Laboratoire Central de Recherches
Domaine de Corbeville, BP 10

F-91401 Orsay, France

In the theory of transport in modulated structures we have studiedboth transport perpendicular and parallel to the heterojunction

interfaces.

In perpendicular transport we have investigated models for tunneling
through double barriers and find that resonant tunneling and sequential
tunneling lead to the same expression for the current as long as the width
of the energy distribution of the injected electrons are larger than the
width of the resonant level in the diode. We present results for phonon
assisted tunneling between two wells in a model which remains valid even
when the barrier shrinks and the tunneling probability becomes very high.
Proposals for practical schemes for incorporating this model in programs
for calculating the transport in generalized band-engineered structures
are given.

In parallel transport we show that very saticfactory agreement with
extensive measurements of the mobility in modulation doped structures in
the whole temperature range from 4 K to 300 K can be obtained if one takes
into account the complete quasi-two-dimensional subband structure and all
the relevant scattering mechanisms. Having established this we apply this
program to systems with more complicated double channel structures, and
show how one can taylor the conductivity of a channel in which
perpendicular resonant tunneling affects parallel transport.

%%
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Quantum Transport Theory of Resonant-Tunneling Heterostructure Devices

William R. Frensley

Texas Instruments
P.O.Box 655936, MS 154

Dallas, Texas 75265

The ability to fabricate very small semiconductor heterostructures has led to the

development of devices which exploit quantum-mechanical effects in their
operation. The quantum device which has received the most attention recently is
the quantum-well resonant-tunneling diode. This device shows a negative-
resistance characteristic which is manifestly quantum-mechanical in origin, and is
potentially a very fast device. Existing techniques for analyzing and modeling
devices are not able to adequately describe the transient behavior of such a device.

A form of quantum transport theory has been developed to model the resonant-

tunneling diode and similar devices. The internal state of the device is represented
-. > by the Wigner distribution function. The boundary conditions applied to the

Wigner function model the open-system nature of the device by coupling it to
electron reservoirs. This coupling introduces irreversibility into the model,
permitting meaningful calculations of the transient behavior of any physical

observable.

The steady-state I-V curves derived from this model show the expected negative

resistance. The calculations of the detailed transient response are the first reported
for a tunneling device, and resolve the question of the response time of the

tunneling current. For a structure with 2.8 nm AIGaAs barriers, the current switches
from its peak to its valley value in about 0.2 ps.

Calculations of the frequency-domain linear and nonlinear response of the
resonant-tunneling diode show that the maximum oscillation frequency is in the

low Terahertz range, and that the rectification response extends to even higher

frequencies.

33
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-.. .-. Resonant Tunneling Transistors and Resonant Tunneling
Hot Electron Spectroscopy

(Invited Paper)

F S. Sen*, A. Y. Cho and A. C. Gossard
AT&T Bell Laboratories

Murray Hill, NJ 07974

We present results on a variety of new resonant tunneling (RT) structures; both the under."

lying physical phenomena and the device applications will be emphasized. These include:

a. RT Gate Field-Effect Transistors

This new device' consists of a GaAs n-channel grown on a semi-insulating substrate
with source and drain contacts and a double barrier (20 A AlAs/70 A GaAsi20 A 0
AlAs) gate followed by an ohmic metallization. Both negative transconductance and
negative conductance in the drain current have been achieved by quenching RT through
the double barrier via the gate voltage.

b. RT Devices with Multiple Negative Differential Resistance (NDR) regions and 3-state
memory circuits.

These new devices exhibit two NDR regions with nearly equal peak currents and
voltage-tunable peak separation. Three-state memory circuits, four bit parity generators
and frequency multipliers (by 3 and by 5) with greatly reduced circuit complexity have
been implemented.

c. RT Bipolar Transistors

RTBT's operating at room temperature with large peak-to-valley ratios in the collector
current have been demonstrated.2 These devices contain a double barrier in the base
region; NDR is achieved by quenching RT via the base current or base-emitter voltage.

d. RT Hot Electron Spectroniters.

We have demonstrated a new hot electron spectroscopy based on RT.3 Information on
the energy distribution is obtained directly from the current voltage characteristics
without requiring derivative techniques. We have used this technique to show that
ballistic motion of minority electrons 'n heavily doped p-type GaAs is not possible due
to very strong electron-hole scattering.

I. F. Capasso, S. Sen, F. Beltram and A. Y. Cho, Electron. Lett. 23. 225, 1987.

2. F. Capasso, S. Sen, A. Gossard, A. Hutchinson and J. H. English, IEEE Electron Device
Lett. EDL-7. 573, 1987.

3. F. Capasso, S. Sen, A. Y. Cho and A. L. Hutchinson, Electron Lett. 23. 28, 1987.

On leave from the Institute of Radio Physics and Electronics, University of Calcutta, Calcutta, India I
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Superlattice Doping Interfaces

S. W. Kirchoefer, H. S. Newman, and J. M. Pond V.
Naval Research Laboratory
Washington, DC 20375 V

and

P. Uppal
Martin Marietta Laboratory

1450 South Rolling Road
Baltimore, MD 21227

The effect of background doping on current transport in quantum well
structures is of great technological importance. Complicated doping -

quantum well interactions are known to exist, yet remain poorly understood.
The effects of doping on current vs. voltage characteristjcs in resonant
tunneling devices (due to undated spacer layer thickness) and in quantum
well electron barrier devices + serve as examples of these interactions.
This study reports the use of n -n Junctions superimposed on superlattices
as a simplified system for such effects.

Four samples were grown and tested in this experiment. From substrate
to1ourface, these samples consist of an n+ Si-dopej substrate, a 0.5 pm
10 Si-doped GaAs cladding layer, a 37 period 80 A Al Ga As - 50

0.3 0.7
wit ethe 116 18GaAs suptrlattice uniformly goped with either 10 or 10 Si, a 30

period 80 A Al Ga As - 80 A GaAs superlattice uniformly doped with
0.3 0.7 .4

16 18 17either 10 10 Si, a 0.5 gm 10 Si-doped GaAs cladding layer, and a
0.25 pm 2x10 Si-doped GaAs cap layer. The difference between eac of
these four gamples is the particular doping combination of the 50 A-well
and the 80 A-well superlattices. The samples were grown as a sequential
set by MBE so as to minimize uncontrolled variations.

Data are presented which show that the applied bias appears across only
lightly doped and depleted regions. Slight asymmetry effects about the '4.

origin are observed which are consistent with expected electron barriers S
for these superlattice structures. Negative differential resistance
effects and conductance oscillation effects are also observed, and are
discussed in light of our present understanding of these devices.

1. Shunichi Muto, Tsuguo Inata, Hiroaki Ohnishi, Naoki Yokoyama, and
Satoshi Hiyamizu, Jap. J. Appl. Phys. Let. 25, L577 (1986).

2. S.W. Kirchoefer, H.S. Newman, and J. Comas, Appl. Phys. Lett. 46, 855
(1985).

3. S.W. Kirchoefer and H.S. Newman, Proc. of the 10th Biennial IEEE Conf.
on Advanced Concepts in High Speed Semiconductor Devices and Circuits,
IEEE Cat. No. 85CH2173-3, Ithaca, NY, (1985).

4. H. S. Newman and S. W. Kirchoefer, J. Appl. Phys., to be published.
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p *PRESSURE-DEPENDENT MEASUREMENTS ON nGaAs (Si, Sn):

THE EFFECT OF DEEP DONOR (DX) STATES ON THE ELECTRICAL PROPERTIES

AND PERSISTENT PHOTOCONDUCTIVITY EFFECTS

+

J. C. Portal, D. K. Maude*, L. Dmowski+, T. Foster*, L. Eaves*,

M. Nathan**, M. Heiblum**, G. G. Harris* and R. B. Beall*

Dept. de Genie Physique, INSA, 31077 Toulouse and SNCI-CNRS,

Avenue des Martyrs, 38042 Grenoble, France. .

*Department of Physics, University of Nottingham, Nottingham NG7 2RD, U.K.

**IBM, T. J. Watson Research Center, Yorktown Heights, NY 10598, U.S.A.

*Philips Research Laboratories, Redhill, Surrey RHI 5A, U.K.

ABSTRACT

Shubnikov-de Haas measurements up to magnetic fields of 20 T are used to

study the effect of hydrostatic pressure (P < 15 kbar) on the free
+

electron concentration (n) and mobility (p) of MBE-grown n GaAs layers

heavily doped with either Si or Sn. This type of layer forms the

electrical contacts to a variety of (AlGa)As/GaAs tunnelling devices and

superlattices that we and other workers have investigated under

hydrostatic pressure. Increasing the pressure from zero causes an

immediate and large decrease of n and increase of p in n+ samples doped
19 -3 19 -3at 1.8 x 10 cm . At 15 kbar n has fallen to 0.8 x 10 cm . At

lower doping, n and p start to fall only above a critical pressure whose

value increases with decreasing n. Illumination with red light at low

temperatures (40 K) leads to a persistent restoration of n to its zero

pressure level. This is accompanied by a decrease in p. It is concluded

that the trap involved is a "deep" donor with DX character, present in

the n+GaAs layers, at concentrations comparable to the doping level. We

find that the energy of the level relative to the L-minima decreases with

increasing doping and that its pressure coefficient is close to that of
19 -3

the L-minima. At doping levels above .8 x 10 cm , the level is

partially occupied even at atmospheric pressure. The properties of the

"deep" donor level appear to be very similar for botn Si- and Sn-doping.

We will give examples of how these DX centres affect the current-voltage

characteristics of tunnelling devices as a function of hydrostatic

pressure.
1 36
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RANDOM QUANTUM INTERFERENCE IN MICRODEVICES

W.J. Skocpol

AT&T Bell Laboratories, Room 4E-330
Holmdel, New Jersey 07733 USA

Experiments on narrow silicon MOSFETs, metal wires and
* rings, and Ill-V devices of various sorts prove that the conduc-

tance of small electronic devices at low temperatures is affected
by random quantum inteference of a suprisingly universal charac-
ter. The quantum phase information of electron waves is not des-
troyed by elastic scattering. If the inelastic diffusion length

is much greater than the mean free path, diffusing electrons
w11 interfere in random patterns determined by the specific
microscopic configuration of scatterers. As a result, the con-
ductance of each quantum domain of size L is2changed by random
amounts with an rms average deviation of just e /h, and is sensi-
tive to changing even a single scatterer.

The range of possible interference patterns in a single dev-
ice can be investigated by applying magnetic flux, or by changing

* the Fermi energy. In our own experiments, we have measured the
conductance of submicron patterned silicon inversion layers (MOS-
FETs) with narrow channels and sidebranches used as potential
probes. We have shown that the "universal conductance fluctua-
tion" theory applies at low temperatures over a wide range of
device sizes, shapes, and conductivities. Our attempts to probe
"inside" a single quantum domain using closely spaced voltage
probes show that each probe responds independently to quantum
interference throughout the entire domain. Thus the fluctuation
amplitude between two such probes is characteristic of scale Lo,
and can exceed the average voltage drop between them.

In typical semiconductor devices at room temperature, the
mean free path is limited by inelastic scattering, so that these
quantum diffusion effects are not significant. But in ;m-scale
semiconductor devices at liquid helium temperatures, the random
phenomena can be large fractional effects. Would-be designers of
small quantum-effect devices should be prepared either to "fix
it" by obtaining unprecedented control over the microscopic
details of the device structure, or "feature it" by figuring out
ways to take advantage of these interference effects.
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Quantum Interference and Transport in Microstructures
S. Wind, V. Chandrasekhar, M. J. Rooks and D. E. Prober
Section of Applied Physics, Yale University, P.O. Box 2157, New Haven, CT 06520.

Advances in microfabrication technology have made possible the production of
structures with ever decreasing dimensions. As the size of these structures
approaches certain characteristic lengths, quantum mechanical effects become evident.
Electron interference phenomena may be observed in systems whose size is on the
order of the electron phase coherence length, to. I can be 1 pm or more at 1 K.
For a wire of width less than go, the interference ofelectron partial waves which are
elastically scattered by impurities leads to one-dimensional localization. This effect
manifests itself in the form of a small correction to the low temperature residual
resistance, as first predicted by D. J. Thouless1 in 1977. For ring structures of
diameter - go, electron quantum interference leads to oscillations in the
magnetoresistance of the ring with periods h/e and h/2e. These oscillations are the S
solid state analog of the Aharonov-Bohm effect. Experimental studies of these
quantum interference effects in ultrasmall metal wires 2 and rings3 fabricated by high
resolution microlithographic techniques are reviewed. The mechanisms which
determine electron energy and phase relaxation in these systems, as determined from
these effects, are also discussed. These relaxation mechanisms may be relevant for -
new classes of semiconductor devices, such as the hot electron transistor.
1D. J. Thouless, Phys. Rev. Lett. 39, 1167 (1977).
2p. Santhanam, S. Wind and D. E. Prober, Phys. Rev. Lett. 53. 1179 (1984); S. Wind,
M. J. Rooks, V. Chandrasekhar and D. E. Prober, Phys. Rev. Lett. 7, 633 (1986).
3 V. Chandrasekhar, M. J. Rooks, S. Wind and D. E. Prober, Phys. Rev. Lett. 5__ p
1610 (1985).

38:

38 A
, , ., . " , , , " • ", , , v ., . . .", " " .. .. .. ,.. .. .. . .. .. . . . ... ...:? ._



Tp3

EXCITONIC PROPERTIES OF GaAs-AlGaAs NANOSTRUCTURES

K. Kash, H.G. Craighead, A. Scherer, P.S.D. Lin,
P. Grabbe, J. Harbison, L. Schiavone

.v/- Bell Communications Research
Red Bank, NJ 07701

Recent advances in electron beam lithography and the etching of nanostructure
features in semiconductor quantum wells have made possible the fabrication of
structures in which excitons can be confined, in all three dimensions, to
lengths of the order of a few times the exciton diameter (1). These
achievements have led to structures with optical properties strikingly
different from those of the original quantum wells (2).

We report here the first observation of exciton energy shifts due to lateral
confinement in nanostructures etched from GaAs-AlGaAs quantum wells. We also
report the first luminescence measurements from arrays of structures of varying
lateral sizes etched from quantum wells. We observe surprisingly efficient
photoluminescence of excitons, measured over five orders of magnitude in
excitation intensity, from structures as small in lateral dimension as 40 nr..
We also observe, at high intensities, the saturation and screening of excitcnio
recombination under both steady state and picosecond photoexcitation.

The structures are etched from a single GaAs-AI(0.3)Ga(0.7)As quantum well,
approximately 5 nm thick, which was grown by molecular beam epitaxy. The
samples were patterned using electron beam lithography and anisotropic reactive
ion etching techniques (3). Wires, in which the carriers are confined in two
dimensions, and dots, in which the carriers are confined in all three p
dimensions, were fabricated in sizes ranging from 40 to 200 nm.

we observe a blue shift of several meV in the ground state exciton for the
smallest structures, which we attribute to lateral carrier confinement. This
shift is of the same order of magnitude as the exciton binding energy in the
original quantum well. The shift is independent of excitation intensity, which
demonstrates that it is unrelated to band filling effects, to which a portion
of the blue shift recently observed in InGaAs quantum well structures has been
attributed (4).

We have measured the luminescence spectra of the structures at 10 K for
excitation intensities ranging from approximately 0.1 Watt/cm2 through
saturation of the exciton recombination. We find no evidence in the spectra zf
a "light hole bottleneck", in contrast to earlier reports (5). We find that
even at the lowest excitation the luminescence efficiency of the smallest
structures is comparable to that of the original quantum well. This result is
consistent with our earlier measurements (2) at higher excitation intensities.
!he luminescence intensities of the nanostructures and of the original quant>-
well are approximately linear until saturation. This result is direct, anj
surprising, evidence that nonradiative recombination at the free, etched
surfaces plays a minor role at low temperatures.

Measurements of the excitation and luminescence spectra under picosecond and
steady state excitation show a dramatic size dependence of the exciton
saturation. This is the first observation of exciton saturation in
nanostructures.

We gratefully acknowledge valuable discussions with and enthusiastic support cf
this work by J.M. Worlock, R.E. Nahory, and P.F. Liao.

1 M.B. Stern, H.G. Craiqhead, P.F. Liao, P.M. Mankiewich , Appl. Phys.
Lett. 45, 410 (1984).

2 K. Kash, A. Scherer, J.M. Worlock, H.G. Craighead, and M.C. Tamargo,
Appl. Phys. Lett. 49, 1043 (1986).

3 A. Scherer and H.G. Craighead, Appl. Phys. Lett. 49, 1043 (1986).
4 H. Temkin, G.J. Dolan, M.B. Panish and S.N.G. Chu, Appl. Phys. Lett.

50, 413 (1987).
.. 5 M.A. Reed, R.T. Bate, K Bradshaw, W.M. Duncan, W.R. Frensley, J.W. Lee

and H.D. Shaw, J. Vac. Sci. Technol. B4, 358 (1986).
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Infrared Detectors Based on the Photon Drag Effect and Intersubband
Absorption by a Two-Dimensional Electron Gas

Serge Luryi
AT&T Bell Laboratories .

Murray Hill, New Jersey 07974

ABSTRACT

Intersubband transitions stimulated by an infrared lightwave propagating in the plane of a two-
dimensional electron gas (2DEG) are accompanied by a "photon-drag" current due to the momentum
imparted by the absorbed photons. Ii .ie momentum relaxation times in the ground and the excited
subbands are equal, 'El =T 2 -'t, then the resultant current density JO corresponds to electrons moving in
the direction of the incident photons, and Jo/e = (hq/m) aT 0, where a is the absorption coefficient, 4)
is the photon flux, and q the photon wave number in the medium. Each excited electron receives an
extra momentum Aq, which, on the average, relaxes after the time T. A simple way of understanding
the above expression for Jo is to note that a Aq q represents the transferred momentum per unit volume
per unit time, i.e., the drag-force density acting on electrons - whose mobility equals er/m.

If, however, T1 :a T2, as is usually the case in a high-mobility 2DEG, then the current response can
be substantially enhanced - with the polarity of the photon-drag current depending on t, and T2 , as
well as on the sign and magnitude of the frequency detuning Am off the intersubband resonance. The
gist of the matter is that the photon-drag current considered above represents a small net difference
between two oppositely directed larger currents: one due to excited electrons in the upper subband, the
other to remaining holes in the lower subband. In the presence of radiation both subbands acquire an
electron distribution disturbed from cylindrical symmetry, but carriers in the upper subband equilibrate
much faster. During the time interval t 2 <t <Cl the characteristic drift velocity in the 2DEG will be of
the order of its Fermi velocity, ?1kF / m, rather than tlq / m. In a steady state, the resultant current J
may be directed either along or against the "primary" current, depending on the sign of Awc, and its
magnitude can be substantially higher than J0. Calculations give the following estimate for the
maximum current enhancement ratio J/Jo = hntr /m. For large 2DEG area] densities n this ratio can
substantially exceed unity. The photon-drag effect permits a new type of spectroscopy containing
information about the momentum-relaxation kinetics in 2D subbands.

It also allows the implementation of novel longwave infrared detectors. Estimates predict the
possibility of achieving a detector sensitivity of order 1 A/W (or quantum efficiencies of order a few
percent) at an incident photon wavelength of -10pm. Performance of this detector at a given
frequency is limited mainly by the thermal noise.
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Properties of Multilayers for Soft X-Ray Optics+

Charles M. Falco
Department of Physics; Optical Sciences Center

and Arizona Research Laboratories
University of Arizona
Tucson, Arizona 85721

and

Felix E. Fernandez
Optical Sciences Center
University of Arizona
Tucson, Arizona 85721

Appropriate physical description of multilayer structures to be
used as soft x-ray optical elements is necessary to ensure
agreement of predicted and actual performance. Deviations of
the fabricated structures from an ideal design (interfacial
roughness and diffusion, microvoids, impurities, thickness
errors) degrade the reflectance properties. In addition,
deviations of the physical properties of very thin films from
those of the bulk materials can limit the validity of
reflectance calculations. We describe these difficulties and
how a particular fabrication-characterization procedure can help
solve them. Characterization techniques used include a
variety of x-ray diffraction techniques, Rutherford
Backscattering Spectroscopy and Transmission Electron
Microscopy. Examples of results obtained for samples prepared
by triode magnetically confined dc sputtering will be given, as
will a discussion of the implication of these results for other
multilayer materials.

+Work supported by AFOSR/ARO/JSOP under Contract F49620-85-C-
0039 and by the AFOSR URI Laboratory for X-Ray Optics at the
University of Arizona under Contract AFOSR-86-0347.
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10 prm Photoexcited Avalanche Gain due to Electron

Impact Ionization from GaAs Quantum Well Superlattices

B. F. Levine, K. K. Choi, C. G. Bethea, J. Walker and R. J. Malik

AT&T Bell Laboratories
Murray Hill, NJ 07974

We report here the first demonstration of far infrared photoinduced impact ionization of
electrons out of GaAs/Al,Gal_,,As quantum well superlattices. The avalanche gain for
detection of A = 10 ,pm radiation is measured to be G - 3. The MBE grown structure consists
of a 50 period superlattice of 72 A GaAs quantum wells (doped n = 1.5 x 1018cm-3) separated
by 133 A undoped Alo_"Gao.62As tunneling barriers. The incident 10 ,m radiation is strongly
absorbed by the quantum well intersubband resonance' 2 raising the electron from the ground
to the first excited state which is designed to be 124 meV higher in energy.

The photoexcited electron efficiently 7

tunnels out in 150 fsec and travels a hot
electron mean free path through the
superlattice (measured to be 4500 A) and
produces a large photocurrent before being
recaptured by the quantum wells. The i 2

measured absolute responsivity R, Z
increases with bias voltage and is in 41
excellent agreement with theor.2 (which " 3 -

neglects avalanche gain) over three orders * *

of magnitude from 0 to 9 V. The high field --- --

portion of the data is shown in the figure
where the dashed line is the non-avalanche 0
theory. Note that the theory saturates
above 9 V since the photoexcited tunneling _ _, ________ C
escape probability approaches unity at a 9 10 11 12

these high fields. A more complete theory D., cv
(solid curve in the figure) which includes

infrared photoelectron initiated impact
ionization of carriers out of the doped (esuredit T b froK) t cl a(measured at T ,= 20" K); the circles are
quantum wells 34 is in excellent agreement
with the data and quantitatively explains the measured values, hile the dashed

the responsivity increase of 300% from 9-
12 V, and the large measured value of R = (including) far infrared initiated impact

ionization of carriers out of the wells.
7 A/W at 12 V bias. The responsivity of
these GaAs/Al,,Gal_,,,As superlattice
detectors at A = 10 tum is comparable to that of HgCdTe alloys and has the advantages of a
more advanced technology, a narrow bandwidth AA/A = 10% and importantly the wavelength
of operation can be readily tuned from less than 5 pm to over 100 um by simply changing the
superlattice parameters (i.e., the well widths and barrier heights).

I. L. C. West and S. J. Eglash, Appl. Phys. Lett., 46. 1156 (1985).

2. B. F. Levine, K. K. Choi, C. G. Bethea, J. Walker and R. J. Malik, Appl. Phys. Lett. (to
be published).

3. F. Capasso, J. Allam. A. Y. Cho, K. Mohammed. R. J. Malik<. A. L. Hutchinson and D.
Sivco, Appl. Phys. Lett. 46. 1294 (1986).

4. S. L. Chuang and K. Hess, J. AppI. Phys., 59. 2885 (1986).
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Transport study on Si/Si 1 xGe x superlattices selectively doped by

." *~ secondary implantation of Sb

H. Jorke, H.-J. Herzog, and E. Kasper

AEG Research Center Ulm, Sedanstr. 10, D-7900 Ulm, FRG 4.

Strained layer superlattices made of lattice mismatched semiconductor

materials offer possibilities of tailoring bandgaps and band offsets by

strain adjustment. This has been demonstrated impressively for Si/Si 1 x Ge x

superlattices and heterostructures, grown by molecular beam epitaxy. The

built-in strain leads to a split-off of the sixfold degeneracy of the con-

duction band minima and influences dominantly band ordering. X

However, the full electronic potential of these structures becomes acces- .,

sible only by methods which allow selective doping in a range comparable

to the superlattice period length. Particularly doping by secondary im-

plantation has been found to enable sharp and precisely localized struc-

tures. In the present study MBE grown Si/Si 1 x Gex heterostructures have

been selectively doped by secondary implantation of Sb. Transport proper-

ties and dopant concentrations are determined by Hall measurements and se-

condary ion mass spectrometry, respectively. The results demonstrate that

(i) full dopant activation is achieved.

(ii) room temperature electron mobility of selectively doped Si/Si1x GeX

superlattices is considerably enhanced compared to equally doped S:

bulk material. As confirmed by Shubnikov de-Haas measurements this

is due to the formation of a twodimensional electron gas.

(iii) electron transport properties are dominantly influenced by the strain

adjustment within the layers.

These unique properties of selectively doped Si/Si _xGex strained layer he-

terostructures open new facilities for novel electronic devices.

4- 3.'
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Novel Quantum Well Optical Devices

D. A. B. Miller
AT&T Bell Laboratories,

Holmdel, NJ 07733
USA

This talk will review some of our recent work on novel quantum well (QW) optical devices
based on quantum-confined Stark effect (QCSE) electroabsorption. The QCSE is sen for
electric fields perpendicular to the QW layers, and it is physically now well understood, with
good quantitative agreement with experiment for both GaAs/AIGaAs and recently also
InGaAs/InP QWs that are compatible with long-wavelength optical communications. The
flexibility of the layered growth technique has also made possible a variety of novel and
sophisticated QCSE device structures. Recently we hIve demonstrated a high-contrast
waveguide modulator based on pairs of coupled wells, demonstrating the potential of
electroabsorption in non-rectangular QWV structures. We have also used the epitaxial growth to
construct an integral multilayer dielectric mirror, giving a reflecting modulator. 4

In the so-called self-electro-optic effect devices (SEEDs), the QCSE modulation is combined
with photodetection to make devices that can operate with both optical inputs and outputs.
Such devices become particularly attractive if they can be integrated so that they have no %
electrical parasitics, allowing scaling to small, efficient devicgs. Using a -2500 layer structure
-- 6pm thick, we demonstrated such an integrated SEED. It can operate as an optically-
bistable device, and very uniform, fully-functional 2X2 and recently 6X6 arrays can be made
with good yields. This device can aso be used as a spatial light modulator, and as a self-
refreshing optical dynamic memory. Another recent development has been the symmetric
SEEI9 that can operate as a set-reset latch, and can also show time-sequential optical signal
gain.

These developments show the potential of QW structures for practical optical devices with
characteristics that can be tailored to the application, and represent only the begining of a
family of novel opto-electronic devices.

[1] D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegmann, T. H. Wood,
and C. A. Burrus, Phys. Rev. B32, 1043 (1985); D. A. B. Miller, J. S. Weiner, and D. S.
Chemla, IEEE J. Quantum Electron. QE-22, 1816 (1986)

[23 I. Bar-Joseph, C. Klingshirn, D. A. B. Miller, D. S. Chemla, U. Koren, and B. I. Miller,
Appl. Phys. Lett. 50, 1010 (1987)

131 M. N. Islam, R. L. Hillman, D. A. B. Miller, D. S. Chemla, A. C. Gossard, and J. H.
English, Appl. Phys. Lett. 50, 1098 (1987)

[4] G. D. Boyd, D. A. B. Miller, D. S. Chemla, S. L. McCall, A. C. Gossard, and J. H. English,
Appl. Phys. Lett. 50, 1119 (1987)

[53 D. A. B. Miller, J. E. Henry, A. C. Gossard, and J. H. English, Appl. Phys. Lett. 49, 821
(1986)

[6) G. Livescu, D. A. B. Miller, J. E. Henry, A. C. Gossard, and J. H. English, Paper ThUlI,
Conference on Lasers and Electrooptics, Baltimore, 1987

[7] A. L. Lentine, H. S. Hinton, D. A. B. Miller, J. E. Henry, J. E. Cunningham, and L. M. F.
Chirovsky, Paper ThT12, Conference on Lasers and Electrooptics, Baltimore, 1987
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Electrical properties of p-type and n-type ZnSe-ZnTe

strained-layer superlattices
!I

Masakazu Kobayashi, Shiro Dosho, Akira Imai, Ryuhei Kimura,

Makoto Konagai, and Kiyoshi Takahashi

Department of Physical Electronics, Tokyo Institute of Technology

2-12-1 Ohokayama Meguro-ku, Tokyo 152 Japan

ZnSe and ZnTe are semiconducting materials ideally suited for the

fabrication of short wavelength light emitting devices. The realization of

this potential hinges on obtaining low-resistivity material of controlled

conduction type, carrier density, and carrier mobility. Superlattice

structures using these materials, and introduction of modulation doping

technique may prove to be a good technique to fabricate p-n junctions from

wide-gap II-VI compounds semiconductor materials.

ZnSe-ZnTe strained-layer superlattices (SLSs) were grown on InP

substrates by MBE. Two kinds of modulation doped SLS samples were prepared

in this study. One of them consisted of Ga-doped ZnSe layers and non-doped

ZnTe layers. The other consisted of non-doped ZnSe layers and Sb-doped ZnTe

layers. The van der Pauw measurements of the SLS samples at room

temperature showed that their electrical properties could be controlled by

using modulation doping technique. A sample without modulation doping
2

exhibited n-type conduction, an electron mobility of 760cm /Vs and an
13 3electron concentration of 3.6x1O /cm . When Ga was modulation doped in the

SLSs, n-type conduction was observed. The electron mobility then varied
2 2 .7O 13/c 3

from 230cm /Vs to 750cm /Vs, and electron concentration from 2.7x10/cm3

to 7.3x1O 13 /cm3 , respectively, as the Ga cell temperature varied from 170'C

to 320*C. On the other hand, modulation doping with Sb resulted in p-type
2conduction. In this case, the hole mobility varied from 130cm /Vs to

220cm2/Vs, and the hole concentration from 5.1x1O 1 3/cm3 to 9.2x10 13/cm3,

respectively, as the Sb cell temperature varied from 400*C to 450*C. Then,

temperature dependence of the electrical properties was measured for a

modulation doped sample with Sb. The hole concentration increased with

temperature, however, the hole mobility did not change drastically.

These results serve as a major step toward the realization of p-n

Junctions from wide bandgap II-VI semiconductor materials using strained-

layer superlattice structures.
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DIRECT IMAGING OF THE COLUMNAR STRUCTURE OF GaAs QUANTUM WELLS

D. Bimberg, J. Christen

Institut fLr Festkorperphysik der Technischen Universitat , D-1000 Berlin 12, Germany

T. Fukunaga, H. Nakashima

Optoelectronic Joint Research Laboratory, Nakahara-ku, Kawasaki 211, Japan

D.E. Mars, and J.N. Miller

Hewlett-Packard Laboratories, 3500 Deer Creek Road, Palo Alto,CA 94304, USA

Direct images of growth islands differing by 2.8 $ (one monolayer) height at

GaAs/AlGaAs heterointerfaces and of the columnar structure of quantum wells are

reported for the first time. The structures are grown by MBE with interruptions of I

the growth of '2 min at the interfaces. The novel method used to obtain these

images is scanning cathodoluminescence. The dependence of the lateral extension
"-

of these islands on growth conditions is investigated. For fixed growth rate rs0.5
monolayer/s the mean island size decreases from 6 -7 IVm upon an increase of 0

-U

growth temperature from Tg = 6000 C to 6600 C. Apparently the growth process

changes from a planar to a three-dimensional one. For low growth temperature and .,-.U

rate the lateral extension of such islands can be larger than the carrier diffusion

length. Under these conditions inter-island thermalization of carriers is largely

suppressed. Time resolved cathodoluminescence images directly visualize the

extent of thermalization.

*J.
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* EXAFS Studies of the Microstructure of Semiconductor Alloys,
Defects, and Semiconductor-Metal Interfaces.*

Bruce A. Bunker
University of Notre Dame

Notre Dame, IN 46556

The Extended X-ray Absorption Fine Structure (EXAFS)
technique is an extremely useful probe of local atomic-scale
structure, revealing bond lengths, types and number of
neighbors, and vibronic motion of atoms. Further, this
information is available for the various constituent atomic
species separately. The technique is applicable to micro-
crystalline materials, amorphous or glassy materials, or
disordered alloys.

Here, we show the applications of EXAFS to the study of
disordered semiconductor alloys and to semiconductor
surfaces and interfaces. We will present EXAFS results on
four quite different systems:

First, we show bond lengths are essentially constant as
a function of composition x in the dilute magnetic semi-
conductor Zn Mn Se, where the lattice constant changes by
over O.lA anA-fhexalloy undergoes a zincblende-to-wurtzite
transition as a function of composition. This result implies
a large local distortion in the alloy structure.

In the second example, we show that the local alloy
disorder in the IV-VI alloy Pbl .Ge Te is enough to induce a
ferroelectric phase transition. -hex EXAFS results strongly
imply that the transition is precipllted by an order-
disorder transition of off-center Ge ions in the lattice.

The third example concerns Fe-implanted in Si. Using
EXAFS, we show that the lattice expands in a breathing-mode
distortion about the Fe, while the second-shell actually
contracts.

Finally, we show that by using total external reflection
of x-rays and EXAFS, we may study buried interfaces such as
the Al-GaAs interface.

* Supported by the Office of Naval Research through contract

#NO0014-85-K-0614.
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Lattice strain in heteroepitaxial films

T. Yao

a) Electrotechnical Laboratory, 1-1-4 Umezono, Sakura-mura, Ibaraki 305,

Japan

Lattice strain in heteroepitaxial films will be discussed in this paper.

There are two dominant causes for the lattice strain in heteroepitaxial

films. One is the lattice misfit between the epilayer and the substrate.

The lattice strain due to the lattice misfit is caused as a result of the

matching in the in-plane lattice constant at the heterointerface. However,

dislocations will be induced in the epitaxial films when the film thickness

exceeds a critical thickness and the misfit strain will be relaxed as the

film thickness exceeds the critical thickness. The other is the difference

in thermal expansion coefficients of the epilayer and the substrate. The

thermal stress has been investigated in terms of the bimetallic strip model

and becomes dominant after the misfit stress is relaxed by the introduction

of dislocations. There are four cases of the relations between the lattice

parameter and the thermal expansion coefficient of the epilayer and the

substrate. These include: (1) ae > a , and a e > asp (2) ae > as , and a e <

a , (3) a < a . and a > a , (4) a < a . and a < a A modelse s e s e s e s
calculation has been done for each of these four cases and the residual

lattice strain is calculated as a function of the film thickness. The

residual lattice strain in heteroepitaxial systems of InGaAs/GaAs,

ZnSe/GaAs, and GaAs/Si is measured by the X-ray diffraction technique for

various thicknesses. We discuss the lattice strain in terms of the model

described above and obtain at least qualitative agreement between the

measured lattice strain and the calculation. Furtheremore, we discuss the

influence of the lattice strain on the energy band structure in the

heteroepitaxial systems.
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MBE Growth of HgTe/CdTe Superlattices
on Si(100) Substrates

Owen K. Wu-, Fred A. Shirland, James P. Baukus,
Andrew T. Hunter and Irnee J. D'Haenens

Hughes Research Laboratories
3011 Malibu Canyon Road

Malibu, CA 90265

ABSTRACT

MBE growth of Hgl_ Cd, Te alloys and HgTe/CdTe superlattices are

of great interest because of their potential applications in

infrared imaging systems and fiber optical communication

devices. Recently, there has been a great deal of interest in

growing Hg1 _.Cd.Te alloys and HgTe/CdTe superlattices on

foreign substrates such as GaAs, InSb and sapphire. An

epitaxial layer of Hg 1 _,CdTe alloys or HgTe/CdTe superlattices

on silicon could provide the basis for a monolithic focal plane

array with the signal processing devices fabricated on the

silicon. In this paper, we report MBE growth of HgTe/CdTe

superlattices on Si(l0O) substrates. About 3 )um of GaAs as the

first buffer layer was deposited on silicon (100) substrate in

the III-V MBE system. Then the sample was moved to the II-VI

MBE system for a 0.5 ym of CdTe deposition as the second buffer

layer prior to the HgTe/CdTe superlattice growth. One hundred

and fifty periods of HgTe(33 A)/CdTe(78 A) superlattices were

grown at 175°C. RHEED pattern was observed during the

superlattice growth. Infrared photoluminescence measurements

showed luminescence signals occurred at 2000 cm 1 . A

comparison of HgTe/CdTe superlattices grown on CdTe(11l) and

(100) substrates will be made. In addition, structural and

electrical properties will be discussed.

50 £
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Growth of high quality CoSiISi -superstructures on Si(111)N

* H. von Kanel, J. Henz, M. Ospelt and P. Wachter

Laboratoriumx tur FestkArperphysik, ETH Zurich, CH -8093 Zurich

The growth of epitaxial films of CoSi.2 or, Si (111) with excellent Cryotalli-

nity has; been demcnstrated b~y a riumbe! c-f workers in the past few years [ 1].

*Films with a thicknesfs of tl!e order Af 100 A or less (usually grown by soli'd

phase epitaxy) seemed, however, to be always characterized by an extraordi-

nary large density of pinholer_ (typically 106/cm2) . We have now for the first

time been, able to (grow Ci:-layet.; as thin as 30 A with a detectable pi'n-

hoedr.si.'y 'F ssentiailly Zer: Thi- has7 t.-:: achieved by a mndified sold'"

* ph~ eit c:V SFE' techr 1 qut_ ii.w c Cc a. S art coevapcrat e J near roor

* :mper i ref C': I Cowed Lv : ai-~ t c, yp~ Ical ly 4 500 C . We- have- t cund thei ~ eiir-s~ot (-n f 1.-Ic t l rigs rously required for. 1,1,- :ubtsequerJt

* cverrowth f S.wne 5 ~ e t~i.- suicido -is well known te: grow with

I A.a1:~rt ~ 1C r s aboiut the sur fa 7e nrmal o

cit tI h-.e the 1i subst rate - Thao expla ins; the mi xed

* y~d.'........-~. vchiaAhr 2 onl a Slrlid- ron~rtainirv.

~n:a coDr-Linition, c' SPF arid M~P.E CoS12 f'Si supei lattices with periodsa

sm-al! ar. 70 ALv -Cec s fully bee -rOWn;

[1] R.7. Tuno:, I.N Poate:, J.C. Bean, J.M Gibson and D.C. Jacobs-oi, Thin Sols

Films 9?, '77 (1K i~ eees:therein.

(21 F. Arrnru,'l G~ia0  72 hocck . Glastre, J. Campidelli and E

51



Wpi

PHONONS IN SEMICONDUCTOR SUPERLATTICES

E. Molinari, CNR, Istituto di Acustica "Corbino", Via Cassia 1216, 1-00189 Roma

(Italy); A. Fasolino, SISSA, Strada Costiera 11, 1-34100 Trieste (Italy)
!1

The phonon spectra of semiconductor superlattices along the growth direction

are calculated using a new approach which provides realistic dispersions and

displacement patterns for both acoustical and optical modes at the same time.

The method is based on an exact mapping to one dimension of the full three-

dimensional problem. The difference in lattice dynamics of the two components

is shown to be accurately described by keeping the same interactions and by

assigning masses and effective charges appropriate to each material ( "mass and

charge approximation" ). The interfaces are then simply treated as changes

localized on the atomic planes and not affecting the interactions between planes.

We are then in a position to use a realistic description of the bonding - based

on an ab-initio determination of the bulk interplanar force constants - without

loosing the conceptual and computational simplicity of a linear cnain formalism.

We show results for GaAs/AlAs, InAs/GaSb and Si/Ge (001) superlattices, with

', particular emphasis on the following features: i) longitudinal (L) and trans-
verse (T) opticr. (0) modes: in TnAs,'Oa't an s i/Ge confined buav c<ur of

modes in each material - similar to what appens in GaAs/AlAs - is predicted

also at frequencies which are allowed for both bulk components, where the

displacements extend to the whole superlattice; for GaAs/AlAs we discuss how

the confinement depends on the layer thicknesses and on the polarization of the

modes; ii) interface modes of microscopic origin: in InAs/GaSb they are pre-

dicted both in the L and T polarizations, with energy (and Raman strength) cru-

cially dependent on the nature of the interface (Irn-Sb or Ga-As); in Si/Ge they

are expected to arise in the T case, at frequencies between the bulk TO branches

of Si and Ge; iii) acoustic (A) modes: confinement of TA modes is predicted

in the region between the edges of the TA bulk branches of the two components for

GaAs/AlAs and Si/Ge; moreover in the LA and TA region of Si/Ge the very different

sound velocities of the two components for some layer thickness cause some of ti..

zone-center or zone-edge acoustical floded doublets to come together showing un-

usually small splittings.

Finally the one-dimensional character of the method allows us to treat super-

lattices with a great total number of atomic planes: preliminary results wV I! be

presented for superlattices with surfaces and for superlattices witl non-periodIc

distributions of layer thicknesses (disordered and quasi-periodicY .
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MONTE CARLO SIMULATIONS OF FEMTOSECOND
RELAXATION OF PHOTOEXCITED ELECTRONS

IN AIGaAs/GaAs QUANTUM WELLS

C.i..Stantn, D. W. Bailey and K. Hess
Coordinated Science Laboratory

and 5
Y. C. Chang

Materials Research Laboratory

University of Illinois
Urbana. IL 61801 USA

and

F. W. \Wise and C. L. Tang

iaterials Science Center
Cornell University

Ithaca, Ne\\ York 14853 USA

The development of fenitosecond lasers has enabled the study of ultrafast
energy relaxation proceszs- in semr'onductors. In this paper we compare the results
of ensemble .! nte Car>, s-mulatins cf the femtosecond energy relaxation of elec-

i0ia, trons photoexcei*:_! witl, a 2 eV lase-r i. AiGa.As/GaA_ s quantum well structures at
room temperature vi 1 tht . bulk Gas. The simulations include self-consistent

o-Jime.nslcr.a r :n.r:ica. 'iicafutn,},-,v for ui' to five electron subbands, take intc
account Pauli excus1::.. ,:,> e>.tcr-electron. electron-phonon and electron-ionized
mpurity scatterii

We find a Shcrt ---| fs-i relaxation component in both bulk and quantum
teils due to electron-electron and F-L intervalley scattering as previously sug-
gested 1. The simulations indicate that 1-L scattering is the dominant process.

We also find an intermediate. (- 160 fs) relaxation component associated with
polar optical phoncin scattering in bulk GaAs. but no- in the quantum well struc-
tures. The lack of this component in the quantum well is basically due to the
spread in the initial photoexcited electron energy distribution. Because of valence
subband mixing away from the band edge, the An = 0 selection rule is no longer
valid. This leads to transitions from several of the hole subbands to each electron
subband creating an initial electron distribution which is very broad in energy rela-
tive to the distribution in bulk. This broad distribution effectively suppresses the
intermediate time component because most of the electrons which scatter with an
optic phonon still remain within the optically coupled region (OCR). and also
because electrons that scatter hack into the r va!ley from the L valley are still
within the OCR. These results are in agreement w~ith the experimental data of
Rosl,:er Ul aci

\I. J. Rlosker. I'. W\. Wise and C. L. Tang. APL, 49, 171-1. (16ot;I.
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Electron-Phonon Interactions in In o. Ga
and in In . 3Gao 4 7 As/InP Ouantum Wells

K J Nash, M S Skolnick, P R Tapster and S J Bass
Royal Signals and Radar Establishment, St. Andrews Road,

Great Malvern, Worcs. WR14 3PS, UK.

P A Claxton and J S Roberts
SERC Central Facility for III-V Semiconductors, Department of Electronic and Electrical

Engineering, University of Sheffield, Mappin Street, Sheffield S1 3JD, UK.

We present studies of the longitudinal optic (LO) phonon sideband 'XLO' of the
low-temperature exciton photoluminescence (PL) line 'X' in (In,Ga)As/InP quantum wells
(QWs). We have extended the theory of LO phonon satellites I to this multi-mode
low-dimensional system.

Electron-phonon interactions in the bulk alloy In0. 5 3 Ga 0 . 4 7 
As are considered. We

discuss the Frohlich interaction and the Lyddane-Sachs-Teller splittings of the optic
modes of 'mixed crystals'. We describe the existing theory of these properties, and the
experimental results for In0. 5 3

G a .4 7As, including our own studies of phonon satellites of
recombination in QWs. The Frohlich interaction is much weaker for the lower-energy
LO modes (labelled 'InAs-like') than for the higher-energy LO modes ('GaAs-like'), due
to electrostatic coupling of the LO distortions, which causes the lower-energy modes to
have a much smaller macroscopic electric field than the higher-energy modes.

7-- The phonon sideband XLO of recombination in (In,Ga)As/InP QWs consists of separate

lines arising from LO modes of the InP and 'GaAs-like' and 'InAs-like' LO modes of
the (In,Ga)As. We calculate the intensity of each phonon satellite, taking account of the
contribution of interface modes. Experimental results have been obtained for
(In,Ga)As/InP QWs grown by molecular beam epitaxy (MBE) with well widths from 10A
to 10A. The satellite spectrum is dominated for the wider wells by the 'GaAs-like'
modes of the (In,Ga)As, and for the narrower wells by the InP modes. The weakness of
the 'InAs-like' phonon satellite compared to the 'GaAs-like' satellite is accounted for by
the theory mentioned above for the Frohlich interaction in a mixed crystal. The strength
of coupling to well and barrier phonons is interpreted in terms of the charge density, as
a function of well width, of a bound exciton formed from the lowest electron and
heavy-hole subbands in each QW.

In QWs grown by atmospheric-pressure metal-organic chemical vapour deposition
(MOCVD), the LO phonon satellites are much stronger than in MBE QWs, with up to
5% of the intensity of the zero-phonon luminescence. This result, together with the
large electron diamagnetic shift, shows that the hole is bound within a radius 10A to
30A. It is proposed that the hole is bound by alloy fluctuations in the In 0.53 Ga 0.4 7As.

1. Hopfield J J 1959 J. Phys. Chem. Solids 10 110
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Electronic Structure of Quantum-Well States Revealed Under High Pressures

D.J. Wolford , T.F. Kuech, T. Steiner, and J.A. Bradley
IBM Thomas J. Watson Research Center, Yorktown Heights. NY 10598

and

M.A. Gell. D. Ninno. and M. Jaros
The University, Newcastle Upon Tyne, United Kingdom

High pressure has become a powerful tool in electronic structure of semiconductors. In the bulk,
band states formed from the periodic atomic potential and bound states formed from isolated po-
tentials have been shown to depend, often sensitively, on pressure-induced changes in interatomic
distance. And since in multi-valley semiconductors, both free and localized states may contain mo-
mentum values from across the reduced zone, pressure has become particularly useful in revealing
secondary electronic structure and inducing "mixing" between states of differing k-value.

We have extended such studies, focussing on electronic and optical properties under pressure,
from the bulk to two dimensions, using isolated quantum wells and superlattices. Sample systems
consisting of undoped GaAs and A1 Ga 1_1 As have been studied at low temperatures, versus x (0 -
1), layer thickness (15 - 200 A). and hydrostatic pressure (1 - 100 kbar) using photoluminescence
(PL), PL-excitation, and fast time-resolved PL (> 200 psec), together with full-scale
pseudopotential simulation of the electronic structure. Complete and accurate description has been
obtained of the electronic and optical properties of these structures in all interesting ranges of en-
ergy. taking into account the complete multi-valley band structure and heterojunction band offsets
of the hosts.

Spatially quantized electron states formed from both the principal direct-gap r band and the
subsidiary indirect-gap X bands have been observed experimentally and modelled theoretically.
Arising from valence-band offset-induced staggered band alignment, the X-related electron bound
states are located within the Al.Ga .,As and optical transitions occur across both k-space and the
semiconductor interface with holes localized within the GaAs. Critical pressures for observation of
these new X-electron bound states decrease with increasing x and decreasing well width. We thus
obtain, with meV resolution, direct optical measure of the GaAs/A.Ga,.,As band offsets, giving
AE. - (0.32 + 0.02)AEr across the alloy system.

Using pressure we have also examined the intervalley "mixing" (i.e., short wavelength scattering
processes) connecting the quantized electron states of differing k-value, but identical symmetry. as
crossings between them are induced. Energy levels, transition energies and intensities, radiative
lifetimes, level perturbations (anticrossings). matrix elements, and oscillator strengths have been
obtained with good agreement between experiment and theory. We show that coupling between the
familiar zone-center quantum-well states and the new zone-edge states revealed under pressure is
significant and observable, and must be taken into account for full description of quantum-well
states. Further, we show that these intervalley mixings become increasingly pronounced as well
widths become narrow. We thus find that with increasing spatial localization caused by quantum
confinement, wavefunctions spread reciprocally in k-space to involve subsidiary band structure.

Support by the Office of Naval Research under contact N00014-85-C-08,S.
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Eectron-hde correladon dngulazty In opdec spect8 of
moduladn doped GaAs-A 1xGaj.A A quantum vii.

0. Livescu, D. A. B. Miller and D. S. COemla
AT&T Bell Laboratories, Holmdel

Modulation doped quantum wells are daracterized by the presence of a highly mobile,
quasi two-dimensional electron or hole gas, which makes them most interesting both for
devices and fundamental physics. We report here temperature dependent absorption and
luminescence spectra of n-modulation doped multiple quantum wells of GaAs-AlxGal.,As.
The underlining structure of the absorption spectra at low temperatures is q&litively
similar to those of the undoped quantum wells, allowing us to identify transitions
corresponding to n-2 and 3. However, the low energy peak behaves very differently. It is
blue shifted with respect to the luminescence and exhibits a strong temperature dependence.
As temperature is increased from 10K to 80K, this peak becomes lower and Proader, in
marked contrast to the behavior of the n-1 exciton in undoped quantum wells". The blue
shift decreases as the temperature is increased and at room temperature the luminescence
practically coincides with the onset of the absorption.

Since at these high carrier densities (3.z1l01znn"2) conventonalpxcitons cease to exist,
many body effects must be invoked to explain the spectra. Recently', it has been predicted
theoretically, including the effects of exchange and screened Coulomb potential, that an
electron-hole correlation singularity peak should exist at energies close to the chemical
potential, IL(r), because of the correlation of the photoexcited hole with the sea of electrons.
It also has been predicted that the peak should broaden and decrease with temperature. Our
spectra confirm this behavior in the temperature range studied. The blue shift we are
measuring nicely follows the temperature dependence &(T). We are able to calculate the
temperature dependence of the lineshape of the first peak, which qualitatively agrees with
our experimental findings. Comparing the temperature dependence of the various transitions
energies, we conclude that the band gap renormalization is changing with temperature, and
that it is different for different subbands.

1. D. S. Chemla, D. A. B. Miller, P. W. Smith, A. C. Gossard and
W. Wiegmann, J. Quantum Electron., QE-20, 265 (1984)

2. S. Schmitt-Rink, C. Ell, H. Haug, Phys. Rev.B 33, 1183 (1986)
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MAGNETO- OPTICAL STUDIES OF GalnAs- InP QUANTUM WELLS

D.J.MOWBRAY*, N.A.PULSFORD*, J.SINGLETON*, M.S.SKOLNICK*
S.J.BASS # , R.J.NICHOLAS*, W.HAYES*

*Clarendon Laboratory, Oxford University, Parks Road
Oxford OXI 3PU England.

#Royal Signals and Radar Establishment, St. Andrews Road

Great Malvern, Worcs. WR14 3PS England.

We have performed a study of the optical properties of a series of
Ga 0 .4 71n0 .5 3 As- InP quantum wells grown by Atmospheric Pressure Metal Organic
Chemical Vapour Deposition (AP- MOCVD) in magnetic fields from 0 to 16 T. Both
single (SOW) and multiple quantum well (MQW) samples have been studied with well
N-idths from 50 A to 200 A and sheet electron concentrations of zero to Ns=10 12

cm- 2
A comparison of low temperature Photoluminescence (P.L) and Photoconductivity .

(P.C) spectra in magnetic fields up to 9.5T shows the existence of a Stokes' shift between
features in PL and PC, indicating that the hole states associated with the PL
recombination are localised, probably at fluctuations in the alloy composition of the well
material. The observation of the Stokes' shift in a highly doped sample having Ns=1012

cm-2 shows that this hole localisation is not screened out by the high electron density. In
addition, a measurement of the diamagnetic shift for the ground state of the HH1- E1
exciton in a 100 A MOW shows a larger value in PC than PL, providing further evidence
for a localised hole state observed in the PL.

In transmission measurements performed on a series of undoped MOWs in magnetic
fields from 0 to 16 T, we observe Landau level transitions with Landau indices up to
1= 16, originating from the first hea'vy hole to electron (HHI-El) transition and indicating
the very high quality of the samples. Theoretical fits to the experimental data allow us to
deduce values for the exciton binding energies, in-plane electron and heavy hole masses
and electron non-parabolicity factor.
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a-Si:H/a-SiN x:H SUPERLATTICES CONFINEMENT OR CONTAMINATION

S. Kalem

Department of Physics, the University of Sheffield,
Sheffield S3 7RH, UK.

Changes in the optical and electronic properties of the .
a-Si:H/a-SiN :H superlattices are commonly observed when the
a-Si:H sublayer thickness(d 5 ) is reduced below -..40 X.
However, there is not yet a clear evidence for quantum
confinement effects in these structures(l-4). In this work,
photothermal deflection spectroscopy(PDS) and infrared
photoluminescence excitation(h-W< 1.5 eV) are used to study
in detail the size effects in the plasma deposited
a-Si:H/a-SiN :H superlattices(x=l.l) with d as small as 11..

Thickness induced changes in the band j~p(determined by
transmittance technique), U bach energy and defect density
are observed for d <30 A and the results are analysed in
order to clarify the gigin of the effects. It is found that
despite of the explanation of the blue shift in the band gap
by a Kronig-Penney model, the results suggest that the
variations in the optical parameters may instead be due to
the nitrogen contamination of the quantum well layer. The"
properties of these amorphous superlattices are compared
with those of hydrogen rich a-Si:H deposited at low
temperatures and a-SiN :H alloys(0 < x < 1.1) contaminated NA

deliberatly by nitrogen. Also, new ir-excitation results in
the same structures will be reported and discussed in terms 5.

of the size effects.
In addition the first double beam photoluminescence -.

measurements on these modulated structures are presented. .

This work is supported by SERC Grant 50057.

1. B. Abeles and T. Tiedje, Phys. Rev. Lett. 51, 2003(1983).

2. M. Hirose and S. Miyazaki, J. Non-Cryst. Solids 66,
327(1984) .0%

3. N. Ibaraki and H. Fritzsche, Phys. Rev. B30, 5791(1984).
4. S. Kalem, M. Hopkinson, T. M. Searle, I. G. Austin, W.E.

Spear and P.G. Lecomber. wo
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Extended and local plasmons in a lateral superlattice

D. HEITMANN AND U. MACKENS*

Institut fdr Angewandte Physik, Jungiusstrasse 11, 2000 Hamburg 36, West-
Germany and Max Planck Institut ffir Festk6rperforschung, Heisenbergstrasse
1, 70000 Stuttgart 80, West- Germany (present address: Philips, Hamburg,
West-Germany)

Si-metal-oxide-semiconductor (MOS) structures have been prepared with
a periodically varying oxide thickness. Via a continuous gate the ori-
ginally two-dimensional (2D) charge density N, is spatially modulated
N. = N,(x). It is N 1 = E(v-v ' ) in the region t1 with oxide thicknessV • Ved 1

d, and N,2 = (v g - ,) for the rest of the period t 2 = a - t1 (periodicityed2

a;- 500nm.V =gate voltage, V=threshold voltage). For the investigations
discussed here we have prepared samples where the region t2 of high density
N 2 is about 3 to 4 times larger than the lower density region ti. Using far
infrared spectroscopy we have studied the excitation of " 2D " plasmons
propagating perpendicular to the grating grooves of the microstructure.
For small plasmon wavevectors q = 2,r/a, where the plasmon oscillation
extends over several superlattice periods, we observe, similarily as in Ref.
[1], mini gaps in the plasmon dispersion due to the superlattice effect of
the periodical charge density modulation. For this q the plasmon frequency Ile
is governed by the avaraged charge density N, = N~Itl/a + N 8 2t 2/a. For
higher wave vectors (q _> 4(27r/a)) the plasmon frequency increases signi-
ficantly stronger with q than expected from the classical /q dependence
for the plasmon frequency of a 2D-electronic system. We will discuss that
this indicates that the plasmons become the local modes of parts of the
superlattice period, i.e., of the regime t2 of the high electron density N, 2 . *.

references

fl] U. Mackens, D. Heitmann, L. Prager, J.P. Kotthaus, and W. Beinvogl,
Phys. Rev. Lett. 53 1485 (1984)

59

i: -

.- , -,, -- .--., .-". "- .,"€ .. - .".," .--w _. --_rr.-_-.w., ,,, .,,,..*,,..,,..s ,.'. ...--...,-. ...,". ..,,,..,.- ,,\, A n?..,.,,. ,. .. @ . y',S., 
-

.,,,,., V



Ral

-, ,

.op

Abstract peningi

'

.S%

p.q

,'

I.

, .t,

[}, %

" ,9.60 "
*o S * * I.

a~ ~2~' ~ .ia. . .*~ * -**. a ~ /%' w ~ * .



Ra2

Hot Electrons in Silicon Dioxide
Z

Ballistic to Steady-State Transport.

D.J. DiMaria and M.V. Fischetti

IBM Thomas J. Watson Reasearch Center

P.O. Box 218. Yorktown Heights. N.Y. 10598

Hot electron transport in silicon dioxide is examined with emphasis on current experimental

and theoretical results. For oxide layers thicker than 100 A, steady-state transport has been

shown to control the carrier flow at all fields studied. The steady-state transition from a nearly

thermal electron distribution at electric fields less than approximately 1.5 MV/cm to significantly

hot distributions with average energies between 2 and 6 eV at higher fields of up to 16 MV/cm is

discussed. The significance of non-polar phonon scattering in controlling the dispersive transport

% " 4 at higher electric fields, thereby preventing run-away and avalanche breakdown, is reviewed.0

With very thin oxides, total ballistic transport of the electrons is observed for voltages of :S 1 V

dropped across the remaining oxide portion after tunneling. For voltage drops of > I V, a transi-

tion from the ballistic to the steady-state regime is seen. Monte-Carlo simulations are used to

predict the observed experimental behavior including quantum mechanical interference effects

and phonon-induced side bands in the electron distribution. This latter effect is the first direct

observation in any material of the interaction of ballistic electrons with single phonons of the

lattice.

.61
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The Theory of Electron-Polar Phonon Scattering Rates

in Semiconductor Micro-structures

Bruce Mason

The scattering of electrons by the optical phonon modes in polar semiconductors is
the mot important energy losq mebne nism for nn eloctron gas at temperatures abc v-
1001%'. This polar interaction is effectively stronger when the electrons are confined in
narrow wells than it is in the bulk. making the study of the electron-phonon interactioiI
of even greater importance in quasi-two-dimensional electron systems. The effects of
confinement. screening. and electronic degeneracy can cause significant qualitative and
quantitative changes in the electronic scattering rates. In this talk. a many-body method
of calculating the scattering rate is presented which can include the effects of degeneracy.
screening. temperature and well size and shape. Both phonon absorption and emission -.-

rates are obtained explicitly by this method. It is found that the inclusion of the
quantum well size and shape and electronic population and degeneracy are vital for
accurate calculations. Results are presented to show the effects of various parameters
(temperature. electron density. etc.) on the scattering rates. These results will be
discussed with consideration of their implications for experimental systems.

I%
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ABSTRACT SUBMITTED
J. P for the Third International Conference on

Superlattices, Microstructures & Microdevices

17-20 August, 1987

Direct measurement of ultrafast electron-hole plasma expansion at
high density in an asymmetric GaAs quantum well--Kai Shum, M. R.
Junnarkar, H. S. Chao, and R. R. Alfano, Institute for Ultrafast
Spectroscopy and Lasers, Physics and Electrical Engineering Departments,
The City College of New York, and H. Morkoc, University of Illinois--The
ultrafast spatial expansion of photoexcited electron-hole plasma created by a
femtosecond laser pulse excitation in an asymmetric GaAs single quantum well
at 4.3K was directly measured using a 3ps time resolution streak camera

system. The experimental results show that the diffusion D is four orders of
magnitude larger than the conventional ambipolar diffusivity (about 106cm/sec)
and the ballistic velocity of the plasma is about four times larger than its
Fermi-velocity. The mechanism which causes the photoexcited carriers to be so
diffusive will be discussed.

tThis work was supported by the Air Force Office of Scientific Research.

tPrefer Standard Session Submitted by

Physics Department
City College of CUNY

138th St. & Convent Avenue
New York, NY 10031
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VERTICAL ELECTRONIC TRANSPORT IN NOVEL SEMICONDUCTOR

HETEROJUNCTION STRUCTURES*

Mark A. Reed t

Central Research Laboratories

Texas Instruments, Incorporated

Dallas, TX 75265 USA

The investigation of vertical transport in semiconductor heterojunction

systems has recently undergone a renaissance due to improved epitaxial

techniques in a number of material systems. These systems are suitable for

electronic spectroscopy (using techniques such as resonant tunneling through

single quantum well / double barrier structures) to determine the band structure,

effective masses, and space charge layers of the heterojunction system. In this

paper, we present investigations in a number of novel bandgap engineered

structures, devices, and material systems. For example, one of the intriguing

systems investigated is a multi-component resonant tunneling structure

* consisting of a GaAs contact - A1GaAs barrier - InGaAs quantum well structure.

In this structure, the high electron affinity of the quantum well creates a "deep"

quantum well, in which we demonstrate that quantum well states can be hidden

from transport. The high field magnetotransport measurements of these

structures yields an anomolously small effective mass of electrons tunneling

through the quantum well, which is resolved by a correct modeling of the structure

involving the space charge layers of the structure. We also present results of

vertical transport in a semiconductor - semimetal system, HgCdTe/HgTe, where

the physics of this heterojunction system is distinctly different from that of the

now familiar GaAs/AlGaAs system. Analysis of transport through various
multilayer structures verifies the existence of the proposed intrinsic interface

state model and allows for an accurate determination of the bandstructure,

specifically the valence band offset, which is found to be approximately 0 meV.

* Supported in part by the Office of Naval Research, the Army Research Office, and

the Air Force Wright Aeronautical Laboratory.

.. , In collaboration with R. T. Bate, W. R, Frensley, M. W. Goodwin, R. J. Koestner,

J. W. Lee, R. J. Matyi, H. F. Schaake, and H-L. Tsai.
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RECENT APPLICATIONS OF MONTE CARLO METHODS FOR SEMICONDUCTOR
MICRODEVICE SIMULATION

U. Ravaioli
Coordinated Science Laboratory.',

and Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Urbana, IL 61801

Ensemble Monte Carlo (EMC) calculations offer probably the
most accurate tool for the investigation of the behavior of
submicron devices, since nonlinear hot electrons effects are
naturally included and, due to the stochastic nature of the
method, no assumptions are needed for the particle distribution
function. EMC techniques are however extremely time consuming
and the available computational resources are mainly limiting ]
their applications. The introduction of supercomputers allows an
enormous speed-up in the calculations, however, this option is
still very expensive and standard EMC codes need to be redesigned
since they do not exploit efficiently the vector or parallel
computing capability of supercomputers. At the same time there
is still considerable need of fast converging device simulation m
codes with much simpler schemes than Monte Carlo, to be used in
optimization procedures. This talk will present some new
techniques which address the vectorization of EMC programs, and
the extension of EMC calculations to include overshoot effects in
more conventional drift-diffusion simulations.

The main problem in the vectorization of a standard EMC code
lies in the fact that the particles in the ensemble must be
followed in parallel during their free-flights between two
consecutive scattering events. Due to the random nature of the
free-flight times, the particles will always be in an after-
scattering state at widely different times for realistic device
simulations. This is not desirable for the averaging procedures p
and for the solution of Poisson's equation, and extra bookkeeping
is therefore needed in the codes. A new technique proposed makes
the flight times identical, randomizing the self-scattering rate I
for each scattering event and without altering the correct
statistics of the flight durations. While for optimization of
conventional EMC codes the reduction or elimination of self- S
scattering is desired, since it requires unnecessary computation,
for this vectorizing technique the self-scattering becomes a
useful adjusting tool and the additional computational work
required becomes a little disadvantage when a vector-efficient
algorithm can be achieved.

It is also possible to use EMC methods to calculate field S
dependent coefficients in extended drift-diffusion equations with
extra terms including overshoot effects, at least at first order.
Such equations could allow the extension of traditional drift-
diffusion schemes to submicron structures with little
modifications, provided that an accurate calibration of the
additional terms is done with precise EMC calculations. The
problems generated by stochastic fluctuations in such EMC
calculations will be presented, along with preliminary results.
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Resonant Tunneling in InGaAs-InP double-barrier structures and
superlattices.

T.H.H. VUONG and D.C. TSUI
Department of Electrical Engineering, Princeton University, Princeton, NJ 08544
W.T. TSANG
AT&T Bell Laboratories, Holmdel, NJ 07733

In the last few years, there have been a great deal of renewed interest in the
vertical, tunneling transport in double-barrier tunneling structures (DBTS), which
have been shown to be possible microwave oscillators. To date, most of the work
on DBTS have been carried out using GaAs-AIGaAs structures because of the
excellent control in both the growth and the device processing of this system. We
present the first study of DBTS of the In0 53Ga 0 47As-InP system, which is an
important one in optoelectronics. Our samples were grown by Chemical Beam

* - Epitaxy (CBE). The first devices fabricated using the usual mesa-etching pro-
cedure showed a large non-tunneling current which we ascribe to surface leakage
current at the sides of the mesas. since this has often been a problem with similar
devices of this system. By additional mesa-etching which selectively etch the
InGaAs layer faster than the InP layer, the surface leakage current was greatly
reduced, and the characteristic current peaks associated with resonant tunneling
became well developed. The maximum peak-to-valley ratio observed for
selectively-etched devices was 3.1 at 4.2K, while for the devices not selectively-
etched it is only 1.1 . The voltage values at the resonances are in fair agreement
with theoretical predictions. The transport properties of the InGaAs-InP DBTS
show interesting differences with those of the GaAs -AIGaAs system, of which the
most remarkable is the symmetry about zero bias voltage in the former devices. In
the latter system, the asymmetry has been ascribed to the problem of the inverted
interface and to the different doping of the two electrodes. These results will be
discussed with preliminary results related to the vertical transport in superlattices
of the InGaAs-InP system.
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Excellent Negative Differential Resistance of InGaAs/InAlAs

Resonant Tunneling Barrier Structures and Applications to
a New Functional Device, RHET

S. Hiyamizu, S. Muto, T. Inata, T. Fujii, K. Imamura,
and N. Yokoyama

FUJITSU LIMITED, 10-1 Wakamiya-Morinosato, Atsugi 243-01, Japan

Since the first proposal of negative differential
resistance (NDR) for GaAs-A1GaAs resonant tunneling barrier
(RTB) structures by Tsu and Esaki in 1973, extensive study
of NDR has followed, mainly based on for GaAs-AlGaAs RTB
structures. NDR characteristics of a GaAs-AlGaAs RTB
structure, however, is still unsatisfactory for practical
device applications. Recently, we have achieved excellent
NDR characteristics using an InGaAs/InAlAs RTB structure,
lattice-matched to an InP substrate, grown by MBE, which
opened the door to the development of a new functional
device, RHET (resonant tunneling hot electron transistor),
with practical high-speed performance capability. -.

InGaAs/InAlAs, RTB structures, which have an InGaAs well
layer (44-61.5 A thick) sandwiched between two InAlAs
barrier layers (41 A), are grown on (100)-oriented n -InP
substrates at 470 DC by MBE. We obtained the best NDR
characteristics ever reported for any RTB structure (a peak-
to-valley current ratio of 11.4 with a peak current density
of 6.3 x 104 A/cm 2 at 77K) using the InGaAs/InAlAs RTB with
a 44 A well layer.

The RHET is a new, vertical-transport device, first
developed by our group in 1985. It has a GaAs-AlGaAs RTB P.
structure as an emitter barrier and exhibits several new
functional characteristics, such as frequency-multiplier,
Exclusive-NOR logic and memory, due to the NDR
characteristics of the RTB emitter barrier. A GaAs-AlGaAs
RHET, however, has serious limitations for improving device
characteristics because of the intrinsic properties of the
material. Very recently, we developed an InGaAs/In(GaAl)As
RHET, lattice-matched to InP. A heterostructure for the
InGaAs/In(GaAl)As RHET, which has an InGaAs/InAlAs RTB as an
emitter barrier, a 250 A-thick InGaAs base layer and a
quaternary In(GaAl)As collector barrier (2000 A), has been
grown by the pulsed molecular beam method. A current gain
as high as 28 has been obtained at a collector voltage of
1.6 V and a base current of 0.2 mA in the common-emitter
configuration at 77K. This is not only about five times as
large as the current gain of a corresponding GaAs/AlGaAs
RHET, but is also the best data ever reported for any RHET.

This work (development of RHETs) was supported by MITI's
Project of Basic Technology for Future Industries.
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Non-Effective-Mass Matching in Superlattices ;AI
Patrick Roblin
Department ot Electrical Engineering
The Ohio State University

An analytic theory for the matching of the bandstructure of different

crystals at the interface of a heterojunction is presented. The Generalized
Wannier functions serve as a basis. For a simple uniform band, the Hamiltonian
matrix elements then reduce to the k-space Fourier coefficients of the
bandstructure along the superlattice direction [I ]. The technique therefore
accounts for non-effective mass effects, and the lower and upper valleys, and
enables us to invoke both the quasi-k-space periodicity together with the spatial
variations of the bandstructure 12]. The superlattice Hamiltonian is a system of
difference equations taking the form of a band matrix. A new definition of
current not effective-mast based is introduced for this higher-order Schroedinger
equation. The enforcement of current continuity leads to analytic connection
rules for the overlap Hamiltonian matrix elements. The latter can be expressed
in terms of a single ideality coefficient measuring the transparency of the V
heterojunction. A maximum transparency for all energies is achieved only for
geometrically related bandstructures.

Non-effective-mass effects are demonstrated for the two-dimensional
electron-gas and resonant-tunneling systems. Both systems involve self-
consistent solutions of the band Hamiltonian and the Poisson equation.

The technique presented offers new theoretical insights together with
efficient numerical tools for the study of non-effective-mass superlattices. p

[1] Roblin. P. and Muller. M.W.. "Spatially Varying Bandstructures" Physics
Review B. Vol 32. pp. 5222-5230. (1985).

12] Roblin. P. and Muller. M.W., "Time-dependent tunneling and the injection of
coherent Zener oscillations", Semiconductor Science and Technology, Vol 1 #3, pp.
218-225, (1986).
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INFLUENCE OF INTERFACES ON ELECTRONIC AND MAGNETIC
PROPERTIES OF MnSe[ZnSe SUPERIATI"CES NEAR MONOLAYER LIMIT

D. Lee, S.-K. Chang, H. Nakata*, and A.V. Nurmikko
Brown University. Providence RI 02912, USA

L.A. Kolodziejski and R.L. Gunshor
Purdue University, West Lafayette IN 47907. USA

The preparation of semiconductor superlattices in which layer thicknesses
approach molecular monolayer limits presents a situation where effects of
heterointerfaces can become a key factor in determining the physical
properties of these artificial microstructures. A so far unexploited possibility is
to use magnetic phenomena as a complement to conventional electronic probes
for interface specific information. A potentially interesting material class in
this connection are II-VI compounds with a transition metal element, notably
Mn. as the isoelectronic cation. At low and moderate concentrations of Mn
(say, less than 50% of the total cation concentration) the bulk growth of the
alloys in single phase is possible and the magnetic properties of such so-called
diluted magnetic semiconductors (DMS) have been the subject of much study.
The development of advanced epitaxial preparation methods are now paving the
way for microstructures at high concentration of the magnetic constituent. In
particular, versatile superlattice structures based on the MnSe/ZnSe heteropair
have been recently synthesized (1). An unusual aspect of this particular
superlattice, grown on zincblende ZnSe epitaxial layers, is the opportunity to
study electronic and magnetic properties of zincblende MnSe for the first time.
Bulk grown MnSe, an antiferromagnetic semiconductor, crystallizes in the NaCI
structure. We report on direct magnetization and optical measurements on
these 'metastable' superlattices with well defined electronic bandgaps which
display strikingly large, nearly paramagnetic contributions to the susceptibility
in structures containing ultrathin, highly strained MnSe layers near the 2D
magnetic limit. The experimental results show dramatically the importance of
real interfaces to magnetic properties which probe atomic arrangements on the
scale of chemical bondlengths. Effective frustration of magnetic ordering is
attributed to interfacial microstucture, very likely to to intrinsic reconstruction
effects on a monolayer scale.

(1) L.A. Kolodziejski, R.L. Gunshor, N. Otsuka, B.P. Gu. Y.Hefetz,
and A.V. Nurmikko, Appl. Phys. Lett. 48, 1482 (1986)

*Present address: Osaka University, Toyonaka, Japan
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Structural Studies of (GaIn)(As.P) Alloys and
(nAs)m(GaAs)n Strained-Layer Superlattices by

Fluorescence-Detected EXAFS

H. Oyanagi, Y. Takeda ° , T. Matsushita**, T. Yao,
T. Ishiguro and A. Sasaki'

Electrotechnical Laboratory, Sakuramura, Niiharigun,
Ibaraki 305, Japan

*Department of Electrical Engeneering, Kyoto University,
Kyoto 606, Japan

**National Laboratory for High Energy Physics, Ohomachi,
Tsukubagun, Ibaraki 305, Japan

Local structures of (Ga,ln)(As,P) alloys and (InAs)m(GaAs)n
strained-layer superlattices have been studied as grown by
f luorescence-detected extended X-ray absorption fine structure
(EXAFS) using synchrotron radiation from the 2.5 GeV storage
ring. Ga K- and As K-edge EXAFS data were Fourier-analyzed to
obtain bondlengths. In (Ga,ln)(As,P) quaternary allloys lattice-
matched to InP, the deviation of bondlengths between cation
(Ga,ln) and anion (AsP) species from VCA (virtual crystal
approximation) are more than three times larger than those
from binary compounds and are nearly constant for a wide
range in composition, indicating that the lattice relaxation is
primarily due to bond-bending The composition-weighted
average bondlength determined from EXAFS results agreed well
with the average inter-atomic distance based on X-ray
diffraction data and VCA . On the other hand, a large amount of
bond-stretching relaxation was found for the Ga-As distance (as
much as 2.4 % increase) in (InAs)m(GaAs)n strained-layer
superlattices with m-6.45 and n-0.51 while the In-As distance
showed no appreciable change on going from a binary
compound to the strained-layer superlattices. These results
suggest the existence of bond-stretching relaxation localized at
the interface region between the two alternating layers. The
difference in the local structure between random alloys and
strained-layer superlattices will be discussed in this conference
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Type II - Type I Transition and Strain Effect in Hg 1 x CdxTe-CdTe
and Hg 1 xZnxTe-CdTe Superlattices

S. Sivananthan, X. Chu and J. P. Faurie

University of Illinois, Box 4348, Chicago, IL 60680

Since 1979, when the HgTe-CdTe superlattice (SL) was first proposed as a new
infrared material significant theoretical and experimental attention has been given
to the study of this new superlattice system. The interest in this SL system is
due to the fact that the light particles of host materials have effective masses of
opposite signs but the same band edge symmetry.

Most of the superlattices grown exhibit a n to p-type transition. We have
carried out Hall measurements on several p-type superlattices. They exhibit high
hole mobilities which cannot be explained in the framework of the current superlattice
valence band structure. The change in sign of the effective mass at the interface
implies that an interface state is formed which is localized at this interface. The
hybridization of this interface state with the heavyhole subband leads to an
unexpected subband structure which could contribute significantly to optical and
transport properties in these microstructures. This peculiar band structure confi-
guration leads to the conclusion that HgTe-CdTe SLs represent a new type of
superlattice i.e., a Type III SL system. In order to investigate this high hole
mobility problem, we have grown Hg1 CdxTe-CdTe and Hg1 ZnxTe-CdTe superlatticesS1 -x 1 -X
in which the valence band structure is expected to change with x.

They have been characterized by electron and X-ray diffraction, infrared
transmission and Hall measurements. The presence of satellite peaks in the X-
ray spectra show the superlattices to be of high quality. Infrared transmission
spectra show that Hg1 .ZnxTe-CdTe and Hg1 xCdxTe-CdTe superlattices have narrower
bandgaps than the equivalent alloys. These superlattices are p-type.

The investigation of Hg ZnxTe-CdTe SLs for which the lattice parameter of
Hg ZnTe varies consideraby with x, opens up a possibility for investigating
effec of strain in this system. Hg 1 ZnxTe-CdTe SLs have been grown recently
with x ranging from 0.06 to 0.15. Ih-Hg1 ZnxTe the semimetal-semiconductor
transition is not yet very well defined but it is expected to occur at 77 K for a
zinc concentration between 0.10 and 0.12. A Hgnn 0 Znn 1 1 Te-CdTe SL shows a
hole mobility Vf .20,00 cm2 V-s - at 25 K, while that o1 Hgn 98Znnl Te-CdTe is
only 5,000 cm V- s- . The observed increase in mobility witt.2Y Oh' be related
to strain. We are continuing to investigate this matter.

Hall measurements have shown that the hole mobility drops drastically between
Type III and Type I. Thus, Hall characterization, along with magnetotransport
experiments, seem to indicate that high hole mobilities observed in p-type HgTe-
CdTe superlattices are due to some kind of relationship between the 2D heavy
hole gas and the interface state existing in Type III superlattices.
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%4 Atomistic simulation of stability, metastability,

and growth of strained layer structures V

Brian W. Dodson and Paul A. Taylor
Sandia National Laboratories

Albuquerque, New Mexico 87185

The potential importance of strained-layer heterostructures
is, at this point, well established for both semiconductor and
metal systems. It is clear from experiment that structures which
are formally metastable, but which persist for long periods can
be grown. The increase in strained-layer thickness and/or mis-
match made possible by metastability is often of practical
importance. It is therefore desirable to understand the material
and growth factors which control the production of equilibrium
and metastable strained-layer structures. A comprehensive
program to study the structural energetics of semiconductor and
metal strained-layer heterostructures has been in progress at
Sandia for almost two years.

The thermodynamic stability of coherently strained over-
layers in metal and semiconductor systems has been studied using
Monte Carlo based microscopic techniques and accurate many-body
empirical potentials. We find that earlier continuum models
represent the asymptotic limit of our atomistic calculations for
large film thickness, but that thin layers are generally less
stable than predicted by the continuum models. This represents a
transition from bulk-dominated to interface-dominated stability
behavior. Metastability against nucleation of misfit disloca-
tions in an initially perfect strained layer has also been
investigated for semiconductors. The resulting metastability
limits are much greater than the corresponding equilibrium
stability limits, which agrees with experimental results in
systems such as SiGe/Si and GaAs/InAs.

The growth of strained-layer heterostructures has been
simulated for atoms interacting through a Lennard-Jones potential
to study the influence of lattice mismatch and substrate tempera-
ture on vapor phase growth of mismatched systems. A molecular-
dynamics technique is used to simulate the growth process. We
find that, at substrate temperatures less than 50% of melting,
epitaxial growth occurs for mismatch less than 4%, whereas above -
4% mismatch, the overlayer is defective. This result agrees
reasonably well with the stability calculations. At higher
temperatures, interdiffusion occurs, and is accompanied by
rapidly moving misfit dislocations, resulting in a pseudo-molten
surface layer.t This work was performed at Sandia National Laboratories and was

supported by U.S.D.O.E. contract DE-AC04-76DP00789.
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Ordering Transitions of Ternary Alloys A B C,% -x x

Kathie E. Newman and Jun Shen

Department of Physics, University of Notre Dame.

Notre Dame, Indiana 46556

Alloys of the form A B C may form ordered structures for special
l-x x

values of the composition x. We investigate this possibility by considering

alloys that have in their disordered high-temperaturp form the zincblende

crystal structure. That is, we consider compounds that have a tetrahedral

3
bonding of the type sp e.g., alloys of IIl-V compounds, II-VI compounds

(including the diluted magnetic semiconductors), and alloys that are mixtures

of the natural chalcopyrites (e.g.. ll-IV--V compound.€ such as ZnGeAs ) with

natural zincblende-structure materials.

Possible ordered forms of the alloys A P C include. for x = 0.5, a
l-x x

superlattice structure of alternating layers ACBC oriented along the (001)

axis. su'Vh as has been seen in the III-V compound GaA(As Alternatively,

for x = 0.5. alloys Ax R C may order in a low-temperature phase as a ABC2

chalcopyrite structure, e.g.. ZnGeAs . We address the question of the rela-

tive stabilities of the possible ordered and disordered phases of A 1 x C

compounds by using the Kikuchi approximation Our calculations include-

chemi cal energies as well as strain effects,. We will show calculated phase

diagrams that exhibit the ordered phases of this type of alloy.

Supported by the Office of Naval Research under contract numbers X0004-85-K-

0158 and N00014-85-K-0352.
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APERIODIC SUPERLATTICES: STRUCTURED RANDOMNESS

Roy Clarket and T.D. Moustakas
Exxon Research and Engineering Company

Annandale, NJ 088l1

and I
R. Merlin

Department of Physics
The University of Michigan
Ann Arbor, MI 4810q-1120

The successful realization of quasiperiodic superlattices was recently U
demonstrated by Merlin et al. [] using MRE techniques. These experiments
open the way to studies on a wide variety of model systems in which the
multilayers are not periodic but are deposited according to some predetermined
mathematical sequence. Such aperiodic systems are of interest because they
offer the potential to fabricate new materials whose physical properties [2,31
are quite unlike those of either crystalline or amorphous solids. In this
paper we present the results of extensive X-ray and Raman scatterinj
experiments which probe the unusual structural and vibrational properties of
aperiodic superlattices. Specifically, we compare the behavior of
quasiperiodic (Fibonacci) GaAs-AlAs superlattices [1,4] with similar MBE-grown
samples in which some disorder has been introduced deliberately during growth.
It appears that different kinds of disorder have markedly different effects on
the structural properties. The question of what constitutes randomness in a
finite size system (thin film) is important in this context. With this in
mind, we have explored various strategies for introducing randomness into the
superlattices. The experiments take advantage of the high degree of control
that is possible with a computerized MBE system. Moreover, atornically abrupt ,.

interfaces with perfect periodicity in the plane of the film ensure that the
randomness is one-dimensional.

Work supported in part by NSF Grant DMR8602675 and ARO Grant
DAAG 29 85 K 0175

tPermanent address: Department of Physics, University of Michigan, Ann "

Arbor, MI 48109-1120

1. R. Merlin, K. Bajema, R. Clarke, F.-Y. Juang and P.K. Rhattacharya,

Phys. Rev. Lett. 55, 1768 (Iq85).

2. J.B. Sokoloff, Phys. Rep. 126, 189 (1985).

3. S. Ostlund ana R. Pandit, Phys. Rev. B 29, 1394 (194).

4. J. Todd, R. Merlin, R. (larke, K.M. Mohanty and J.fl. Axe, Phys.
Rev. Lett. 57, 1157 (19R6).
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CHARACTERIZATION OF STRUCTURAL AND MAGNETIC ORDER

OF Er/Y SUPERLATTICES

J. Borchers, M.B. Salamon, R. Du, and C.P. Flynn

Department of Physics and Materials Research Laboratory

University of Illinois at Urbana-Champaign

Urbana, IL 61801

R.W. Erwin and J.J. Rhyne

Institute for Materials Science and Engineering

National Bureau of Standards

Gaithersburg, MD 20899

As an extension of previous studies of magnetic Dy/Y superlattices1 , crystalline super-
lattices of erbium and yttrium have been prepared epitaxially with layer thicknesses on
the scale of the magnetic periodicity of Er. X-ray characterization of these samples reveals

(0 that, although the lattice mismatch between Er and Y is 2.5X and the crystal structures
are highly strained, they are still coherent and exhibit sharp interfaces. Neutron diffrac-
tion and magnetometer measurements show that the magnetic properties of these systems
differ significantly from pure Er. In zero field, the spins are c-axis modulated (CAM) in
a sinusoidal manner below the Neel temperature (z 78K). Below Tcl - 28K the spins
also order in a basal plane spiral and the CAM "squares-up." Unlike pure Er, however,
the superlattice does not develop a conical spin structure at low temperatures. Overall.
the transition temperatures are lower than those for pure Er, and the first order transition
to the conical phase is suppressed, possibly due to the lattice "clamping- effects such as
observed in Dy/Y superlattices. Neutron diffraction data for one sample with 23 Er layers
per bilayer shows little variation of the modulation wavevector with temperature. This
behavior suggests a "lock-in" of the modulated spins to one of the commensurate spin-slip
structures observed by Gibbs. et.al.2 in pure Er.

Supported by the NSF Grant No. DMR-8521616 with facility support from the Illinois
Materials Research Laboratory.
1M.B. Salamon, Shantanu Sinha. J.J. Rhyne. J.E. Cunningham. R. Erwin. J. Borchers.
and C.P. Flynn, Phys. Rev. Lett. 56. 259 (1986); R. Erwin. J.J. Rhyne, M.B. Salamon.
J. Borchers, R. Du, J.E. Cunningham, C.P. Flynn, Phys. Rev. B (to be published).
2Doon Gibbs. Jacob Bohr, J.D. Axe, Phvs. Rev. B 17. 8182 (19S6).
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SUPERCONDUCTIVITY OF Cr/V SUPERLATTICES

Bradley M. Davis, Paul R. Auvil, John B. Ketterson and John
E. Hilliard, Materials Research Center, Northwestern
University, Evanston, Illinois, 60201.

CrmVn superlattices, where m and n denote the number of

atomic planes of Cr or V, have been grown in an ultra-high

vacuum unit (base pressure less than 5x10 -9 Torr) containing

two e-guns and a rotating substrate table. Up to 20 samples

could be made in each run. Samples were grown on "c" cut

sapphire substrates at 520K at deposition rates of

approximately 21/s. Samples consisted of between 7 and 10

wavelengths and were characterized using x-ray diffraction

and stylus profilometry. All specimens were found to have a

strong (110) texture. The zero field transition temperature p
and upper critical field (in both parallel and perpendicular

fields) have been measured.

The zero field transition temperature of the samples

will be discussed in terms of various proximity effect

theories. These include the procedures of Werthamer2 and

Menon-Arnold 3 . In addition a detailed numerical solution has

been performed based on de Gennes method of expanding the

kernel of the linearized self-consistency condition in terms
4of the eigenfunctions of the diffusion equation . Results

of this modeling will be presented including findings on the

pair breaking strength of thin Cr layers.

REFERENCES

i) H.Q. Yang, H.K. Wong, G.K. Wong, J.B. Ketterson and J.E.
Hilliard, J. Vac. Sci. Technol. (A) 2, 1(1984).

2) N. Werthamer, Phys. Rev. 132, 2440(1963).
3) M.Menon and G. Arnold, Superlattices and Microstructures

1(5), 451(1985).
4) P.R. Auvil and J.B. Ketterson, Proc. of this conference.
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~: * SwuctrelStu/es1-16 Optical trneition and recombination lifetimes In

\'. ~~-'1-1 The effect of layer thickness fluctuations onqui-rodm sonlecrn ytmn
sueltiediffraction. J. G. Gay, B. M. Clemens. CdS.Sel., K. Shum, G. C. Tang, M. R. Junnarkar.

General Motors Research Laboratories A .AfnCt olg fNwYr

1-2 Study of Impurity Induced disordering In 1-17 In~aAs/lnP quantum boxes and wires through
itGe&s/AlIs&s multi-quantumn well structures by use of atmospheric OMVPE and holographic

photothermal deflection spectroscopy and photo- photolithography, B. 1. Miller, U. Koren, and
* lumineecence, C. Shinsh, J. Mentz, C. Colvard, P. J. Corvini. AT&T Bell Laboratories

K. Alavi, R. Engelmann, Siemens Research an Novel Properties and Devices
Techrnology Laboratory; Z. Smith, S. Wagner,
Princeton Universityv 1-is Large absorption modulation In lnGeAsflnAIAs

1-3 EpItalal growth of PbTe on (1111 BaF 2 and (100) quantum well field ef"ect structure. 1. Bar-Joseph,
GaAs. H. Cleims. B. Tranta, H. Krenn, G. Bauer, J. M. Kuo, C. Klingshirm, D. A. B. Miller,
Montanuniversitat Leoban (Austria) T. Y. Chang, 0. S. Chemla, AT&T Bell Laboratories

1-4 Electron beam processing of structural and 1-19 Dual-gate silicon prmeable bass transistor with
magnetic properties of amorphous Mn-Ga films, high transconductance, A. Gruhle, L. Vescan,
J. Stnezezwaki, Kansas State University H. Beneking, Aachen Technical University (FRG)

1-5 Molecular beam synthesis and properties of 1-20 Analytical formulation of nonstatioriary, electron
InAll 3As strained layer, P. Chu, C. H. Lin, dynamics In the AIGaAs/GaAs high electron
A. L. Kellner, W. S. C. Chang, H. H. Wieder. mobility transistor. T. A. Fisidly, L. Johansen,
University of California at Son Diego University of Trondheim (Norway)

1-6 Observations of structural deviations in MBE 1-21 Band-Edge Electroabsorption in GaSb/AIG@Sb
grown Il-VI superlattices with single periods. multipls quanturm wells (MQWs) and Its appli-
R. D. Knox. J.-L. Staudenmann. Iowa State cation to optical modulators. T. H. Wood,
University; G. Monfroy, J.-P. Faurie, University E. C. Carr, C. A. Burrus, Jr., R. S. Tucker,
of Illinois at Chicago T.-H. Chiu, W.-T. Tsang, AT&T Bell Laboratories

1-7 X-ray studies of interfacial roughness in 1-22 Field spectrum anisotropy in multiple quantum
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Poster Session 2

Structurel Studies Devices. and Novel Properties '

2-1 Roen scattering study of Al/Ge Interdiffuslon In 2-16 Ught-Induced metastable sato In doping-
ion-implantied and annealed GoAs-Ga Al As modulated amorphous silicon superlattlces. o
aupedsettces. J. Sapriel. E. V. K. Roo, V 8nlouet, B.-S. Yoo, S.-H. Choi, C. Lee, Korea Advanced1P
J. Chevignon, P. Oman, Y. Gao, P. Krauz, CNET Institute of Science and Technology; J. Jong,..1
(France) I

Kyung Hoe University, (Korea) 1
2-2 Selective Intermixing of Al Ga1,,A/GaAs 2-17 Thermal conductivity of AlAs/GaAs

supedlatticee using pulsed (Asess J. Rolston, superiattices. T. Yac, Electrotechnical Laboratory
A. L. Moretti. R. K. Jain, F. A. Chambers. (Japan)

Amoc Coporaion2-18 Field and geometry dependence of the electron
2-3 Surface migration study of atoms and formation Ionization rate In multiple quantum wall

of truly-smnooth top and bottom hesterointerfaces structures, K. F. Brennan, Y. Wang. A. Torabi, -

In GaAs-AlAs quantum wells by temperature- C. J. Summrws, Georgia Institute of Technology
switched technique In molecular beamn eptaxy. 2.19 P-type ohmic contacts to GaAs/AlGeAs
M. Tanaka. H. Sakaki, University of Tokyo (Japan) heterostructures, J.-H. Reamntsma. K. Heime,

2-4 Improvements In narrow bendgap MCT Univarsitat Duisburg: W. Schlapp, G. Weimrann,
heterojunctiona made by MOE, M. Boukerche, Forschungsinstitut der Deutschen Bundespost (FRG)
1. K. Sou, S. Yoo, J. P. Fauria. University of Illinois 2-20 The spatial-dispersIon, the optical nonlinesarity
at Chicago and the coherent propagating phenomena In the

2-5 Low temperature characterization of Al-Si vicinity of excltonlc resonance, Z. Gan,
diffusion kinetics, M. P. Dugan, RCA Peking University (PRC)
Microelectronics Canter; T. Toakalakos,
Rutgers University Moetallic Supoettices

2-6 Ion Implantation damage and annealing effects in 2-1Criticalmouainmptden norsaie
flnG@)As/GaAs strained-layer semiconductor 22 bVa ~inapiuei ooraaln
systems, D. R. Myers, L. R. Dawson, R. M. Biefeld, N/an oVsupenlattices. R. H. M. van de
G. W. Arnold, C. R. Hills, B. L. Doyle, Sandia Laur, A. J. G. Schallingerhout, F. Tuinstra.

National Laboratories J. E. Mooij, Delft University of Technology
2-7 Multilayor roughness evaluated by x-ray (Th Nohrln

reflectivity. D. L. Rosen. Sachs/Freeman Assoc. 2-22 Magnetic properties of Fe/Mn Superiettices.
Inc.; D. Brown, J. itf rich. P. Burkhalter, Naval Y. Motomura, J. B. Ketterson, Northwestern -

Research Laboratory Uiest
2-8 Electronic conductivity and electromigration in 2-23 Superconducting tunneling through NbTi/Ga -%,

metalic icrstrutura, A S. orbelomultileyers. S. N. Song. B. Y. Jin, J. 8. Ketterson.
C. S. Chu, University of Wisconsin at MilwaukeeNotwsenUiriy

2-9 Crystallinity and interdiffusion In InP/lnGsAs 2-24 Structural determination of ultra-thin epitaxial
quentumn wells grown by hydride VPE. overlayers. sandwichesii, and supenlattices by
K. Makita, K. Taguchi, NEC Corporation (Japan) agreeto lfcin .A hmes oig'4

Micrstrctues nd icrdevces2-25 Microstructure of Fil film on Si grown by -

Micrstruture an WicodevcesMOCVD, Z. Youdou, Z. Rong. Nanjing University
(PRCI; T. K. Kim,.SB 0. McCombe, State University -

2-10 Suspension of small siver perticles In epltaxial of New York at Buff alo (USA)
silicon. 0. Y. Chen, L. Wang, Applied Detector
Corporation Spectroscopy and Band Structure

2-11 Emission of thermal radiation from Planckisn 2-26 Extended electronic deinsity of sates in
modes in microstructureld surfaces: 1, semiconductor heterostructures. S. Colak, North
P. J. Hookath, J. N. Zarnat, B. Gebhott, American Philips Corporation -

University of Pennsylvania
2-27 Stark effect In quantum wells: Effect of Coulomb f

2-12 Emission of thermal radiation from' Plnka Interaction, J.-W. Wu, Indiana University;
modes In microstructured surfaces: 11, A. V. Nurmikko, Brown University
T. K. Wang, J. N. Zemnel, Unliversity of Pennsylvania 2-28 Exciton ground state and binding energy In semi

2-13 Ught and heavy holes In oneo-dImensional conductor quantum wells with small valence
systems, M. Sweeny, Unisys Corporation; J. Xu, band offsets. J.-W. Wu, Indiana University;
M. Shur, University of Minnesota A. V. Nurmikko. Brown University

2-14 patterned GaAs/Al~eAs superiattice 2-29 Magneto-reflectance of GaAs/GoAIAs quantum
heterostructures by epltaxlal growth on well structure. X. L. Zhang, D. Heiman, B Lax,
nonplanar GaAs substrates. E. Kapon. National Magnetic Laboratory. Massachusetts
D. M. Hwang, R. Shat. M. C. Tormargo, Bell Institute of Technology: F. A. Chambers, ,-; -

Communications Research Amoco Research Center -

2.15 Conductance fluctuations In microstructures for
a four-probe geometry. H. U. Baranger, AT&T Bell.
Laboratories, D. P. DiVncenzo, IBM T. J. Watson 4'

Research Center; A. D. Stone, Yale University

122]



2-30 Confinement effects on Be acceptors In 2-45 Picosecond spectroscopy of Cdj.xMn.Te-CdTe
GaAs/AIG&As multi quantum well structures, microstructures, S. S. Yom, S. Perkowitz.
B. A. Reader, B. D. McCombe, SUNY at Buffalo; Emory University
F. A. Chambers, G. P. Devane, Amoco Corporation 2-46 Dynamics of field control of luminescence

w.A.0 2-31 Magnetorefiectance study of Be acceptors in Intensities In GaAs/AIGAs quantum well
,-, selectively doped GaA•/AIGsAs multiple structures, I. Ogurs, M. Yamanishi, Y. Kan,

quantum wells, X. Liu, A. Petrou, SUNY at Buffalo; I. Suemune, Hiroshima University (Japan)
A. L. Moretti, F. A. Chambers, G. P. Devane, 2-47 Optical and magneto-optical studies of
Amoco Corporation GaAs/AlAs quantum wells. M. Dutta, U. S. Army.

2-32 Emislon spectroecopy of OaSb/AISb quantum Fort Monmouth; X. Liu, A. Petrou, State University
wells In the 1.eV - 2 eV energy range, A. Forchel, of New York at Buffalo; D. D. Smith, M. Taysing-
U. Cbulla, G. Trankle, Universtat Stuttgart (FRG); Lar, U. S. Army. Fort Monmouth
T. L. Reinecke, Naval Research Laboratory; 2-48 Electron states In InGaAs/InP heterostructures,
G. Grffiths, H. Kroemer, S. Subbanna, UCSB (USA) F. Malcher. G. Lorner, U. Rossler Universitat

2-33 Eletonic structure of trlnedlayer 81/811.,Gei Regensburg (FRG)
eue2attice from tight-binding calculations. 2-49 Intervalence band absorption In strained layer
H. Rucker, Humboldt-Universitat zu Berlin; systems, R. A. Abram, A. C. G. Wood, University of

A F. Bechstedt, Friedrich-Schiller-Universitat; Durham (UK)
R. Enderlin, D. Hennig, Humboldt-Universitat zu
Berlin IGDR); S. Wilke, Czechoslovak Academy of Transport and Tunneling
Science (USSR)

2-34 Optical Investigations of highly strained InGaAs- 2-50 A tunneling measurement of the electronic
GaAs multiple quantum wells. G. Ji, D. Huang, density of states of a superlattice, P. England,
U. K. Roddy, T. S. Henderson, H. Morkoc, University J. R. Hayes, J. P Harbison, Bell Communications
of Illinois at Urbana-Champaign Research

2-35 Intereubband optical absorption In superlattices, 2-51 Vertical transport In superlattices: The Influence
B. Jogai, K. L. Wang, University of California at Los of electron-electron scattering, S. M. Goodnick,
Angeles; J. N. Schulman, Hughes Research Oregon State University
Laboratories 2-52 Pressure dependence study of the effective mass

2-36 Photoluminsocence studies of quasl-2D electrons In GaInAs/InP heterojunction, D. Gauthier,
and holes In a magnetic field, K. J. Nash, L. Dmowski, J. C. Portal, CNRS (France);
M. S. Skolnick, S. J. Bass, Royal Signals and Radar R. J. Nicholas, M. A. Hopkins, D. Leadley,
Establishment; P. A. Claxton, J. S. Roberts, Clarendon Laboratory (UK); M. Razeghi, P. Maurel,

*', ".'.. University of Sheffield (UK) Thomson CSF (France)
* 2-37 Effective masses and optical matrix elements in 2-53 Negative resistance switching In superlattices:

semiconductor superlttices, N. F. Johnson, Resonant tunneling or hot electron transfer?,
S. H. Ehrenreich, K. C. Hass, Harvard University A. Sibille, J. F. Palmier, C. Minot, CNET;

2-38 Theoretical studies of polarization dependent T. Bretagnon, Universdue des Sciences et Techniques
S% -. electro-optical modulation In GaAs/AIGaAs and du Languedoc (France)

InGaAs/GaAs multi-quantum well structures, 2-54 Perpendicular transport in superlattice bipolar
S. Hong, J. Singh, University of Michigan transistors (SBT), A. Sibille, J. F. Palmier, C. Minot,

2-39 Absorption and photoluminescence studies of J. C. Harmand, C. Dubon-Chevallier, CNET (France)
the temperature dependence of exciton lifetimes 2-55 Effect of continuum resonances on electronic
In lattice-matched and strained quantum well transport in quantum wells, C. S. Lent,
systems, Y. Chen, G. P. Kothiyal, J. Singh, D. B. Lemersa, W. Porod, University of Notre Dame
P. K. Bhattacharya, University of Michigan 2-56 On the Einstein relation in HgTe-CdTe

2-40 Photoluminescence studies of GaAs/AlAs superlattices In the presence of a quantizing
superlettices, E. D. Jones, T. J. Drummond, magnetic field, K. P. Ghatak, University College of
H. P. Hialmarson, J. E. Schirber, Sandia National Science & Technology; S. Biswas, Bengal
Laboratories Engineering College (India)

2-41 Dynamics of exciton transfer between 2-57 Double base hot electron transltor. J. Xu,
monolayer-fist Islands In single quantum wells, M. Shur, University of Minnesota
B. Deveaud, T. C. Damen, J. Shah, C. W. Tu, AT&T 2-58 Scattering theory for quasI-one-dimensional
Bell Laboratories tunneling structures, A. M. Kriman, D. K. Ferry,

2-42 Electric-field dependence of the Intersubband Arizona State University
optical absorption In a semiconductor quantum 2-59 Tunneling by an electron packet with an Initially
well, D. Ahn, S. L. Chuang, University of Illinois at sharp wavefront, N. Teranishi, A. M. Kriman,
Urbana-Champaign D. K. Ferry, Arizona State University

2-43 Electron energy levels of SI/CoS /$i quantum 2-00 ClculatIons of channel density in an AIGaAs.
well structures, M. L. Huberman, Michigan InOAl-GeAs peudomorphic MODFET structure.
Technological University; J. Maserjan, Jet Propulsion A. Petelin, F. Crowns , S. Duncan, Martin Marieta
Laboratory, California Institute of Technology Laboratories/GAMMA Monol hics

2-44 For Infrared characterization of III-V and Il-VI
supwertilces, S. Perkowtz, R. Sudharsenan,
S. S. Yom, Emory University
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