
RD-fA68 685 PICOSECOND ELECTRONICS AN OPTOELECTRONICS HELD RT
INCLINE VILLRGE NEVADR.. (U) OPTICAL SOCIETY OF RERICR
MRSHINGTON 0 C J M QUINN 04 FED 896 RFOSR-TR-86-0157

UNCLRSSIFIEDA RFOSR-5-015 F/GO 91 NL

EIIII/IIIII/ul
E//Igggglggll
iIIIIhil-iIII,
IIIIhhIIIhlIl
lllllllllllhl



'4.I

,a*

I.b'122
I - "i.."I- Ill

. !_

L.25 .

M ICRfll(N'S

%
4t- . . . !

.4 .,. .4 4. . .. 4



(D
Co

> C -CTOEN [CL R0C

rvr 7 eooa



Unclassified

SECURITY CLASSIFICATION OF -- ~ PAGE

REPORT DOCUMENTATION PAGE

I* RIEPORT SECURITY CLASSIFICATION l1b RESTRICTIVE MARKINGS

Unclassified n/a
2o SICLJRITY CLASSIFICATION AUTHORITY 3 DISTRI BUT ION/AVAI LABILITY OF REPORT

n/a Approved for public release - distribution

2b 0/CLASSIF ICATION 'DOWNGRADING SCHEDU LEunmie

4 PERFORMING ORGANIZATION REPORT NuMBERtSI 5 MONITORING ORGANIZATION REPORT NUMBER(S)

___ ___ ___ __ __ ___ AOSR- TR- 8 6 - 01 ';

6& NAME OF PERFORMING ORGANIZATION fit OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
i tII app 11(0 bit 

icOptical Society of America Air Force Office of Scientific Researc

61; ADORE SS iC~t) State and ZIP Code, 7b ADDRESS fCa>., State and ZIP Code,

1816 Jefferson Place, N.W. Building 410
Washington, D.C. 20036 Boiling, AF'B, D.C. 20312

SNAME OF FUNDING.'SPONSORING IBt OFFICE SYMBOL 9.PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION elf applicable,

Sc ADDRESS (COl). State and ZIP Codc 10 SOURCE OF F UNDI NG NOS

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO NO

11 TITLE 111 166". SeCIuI', Classificaton !Ie n nPcs on lcrnc 35

TopcalMe~in, o Pcos-,od lecroncsand Oprl2lonl ics

12. PERSONAL AUT04ORIS)

Quinn, Jarus W.
13&. TYPE OF REPORT 13t TIME COVERED 14 DATE OF REPORT Ili.MoLDO), 15 PAGE COUNT

Final FROM 85-02-O1ITO 86-02-0 86-02-04
16 SUPPLEMENTARY NOTATION

117 COSATi C DE 18 SUJBJE CT TERMS fContinue on revIerse if rccessar- and identif6 b), block number,

* r"''-,-SUB GR

19 ABSTRACT iContilnut on reverse if necexsars and iden til> by block nu.mber

The purpose of the meet ing was to prov ide a forum for people working in the
d ifferent areas of u Itrafast electronics and optoeiec tronics and sharing a common
interest inl tile Understand ing and improvements of the elec tronic properties of semicondulctor
and su perco0nduc to r s, the phys ics of ulIt ra fast (1ev iLcs, tile ir a ppl ic at ions a nd me thod s ot
measurements.

* 20 DISTRIBUTION AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASS.FICATION

* UNCLASSIFIED'UNLIM~iTE D SAME AS RPT OTIC USERS U Uc la s s if id

22. NAME OF RESPONSIBLE INDIVIDUAL 22t, TELEPH~ONE NUMBER 22c OFFICE SYMBOL
Itlcladf 4rvpo Codc

Jarus W. Quiann I 1202/;-23-S130 f{. ,.

* DD FORM 1473,83 APR tD-1ION OF I JAN 73 IS OBSOLETE t 1 ,if i(2,-
SECL.R T' ZLAS ""-"



VFOSR-TR. 8 6-015 7

TOPICAL MEETING ON

PICOSECOND ELECTRONICS

AND OPTOELECTRONICS

A digest of technical papers presented at the Topical Meeting on
Picosecond Electronics and Oploelectronics, March 13-15, 1985, Incline Village, Nevada.

Cosponsored hi:-.

Air Force Office of Scientific Research

Office of Naval Research di;tritation

and

Optical Society of America



- -.. vr-v--.- .....

I-I

Copyright 1985, Optical Society of America

Individual readers of this digest and libraries acting for thern arc freely permitted to
ma-ke fair use of the material in it, such as to copy an article for use in teaching or
research.

Permission is granted to quote excerpts from articles in this digest in scientific works
wkith the customary acknowledgement of the source, Including the author's namne and
the name of the digest, page, \-ear, and name of thle Society. Reproduction of figures
and tables is likewise permitted in other articles and books pro% ided that the samec infor-
trnation is printed x ith then and notification is given to thle Optical Society of America.

Ciopyright to individual's articles iii this digest is retained by the author or by his em-
plover in the case of' work made for hire. Republication or systematic or multiple repro-
duction of the complete digest requires the permission of the Optical Societ\ of'
America.

The v-iew,-s and conclusions contained in this document are those of the ant hors and
should not be interpreted ats necessarily represening lie offticial policies or endorse-
ments, either expressed or implied, of the Air F orce Of fice of'Scientific Research or thle

A i ---,7

• .". vernnent.2

.1

ThsC orpyrlate to85 Optniet of eica " skN 3311 sse -heOfieo

Indivial rear fTh s itest ae en brarie s a oya the ar free lnetyi u per iteo .-..
mak o rd e al oyigtae mat erial ntai ueh liL to ioya ril fruei echn i-



TUESDAY, MARCH 12, 1985 WEDNESDAY, MARCH 13, 1985- Continued

LOWER LOBBY PROSPECTOR/IRUBICON ROOM

6:00 PM-9:00 PM REGISTRATION/ REFRESHMENTS ULTRAFAST OPTICS AND ELECTRONICS 11
Paul T. Greihing. Hughes Research Laboratories,

* Presider

'5

GaAs Integrated Circuit Technology for High Speed /
SIERRA ROOM Analog and Digital Electronics, Gerard Nuzillat. Thomson

8:00 AM-9:00 AM CONTINENTAL BREAKFAST CF rne ivtdPpr

11:30 AM WB2
Hybrid Signal Processor for Wideband Radar, I Yao. E. M.

PROSPECTOR/ RUBICON ROOM Hauser, C. A. Bouman. A. M. Chiang, MIT Lincoln Lab
oratory. A radar signal processor based on surface-

*8:45 AM-9:00 AM OPENING REMARKS acoustic-wave. optoelectronic. and charge-coupled
device technologies for processing radar signals with

ULTRAFAST OPTICS AND ELECTRONICS I 200-MHz bandwidth is described.
Erich P. lcpc- Massachusetts Institute of Technology,
P, esidoer 11:45 AM W133

Two-Dimensional E-Field Mapping with Subpicosecond
9:00 AM WAl Resolution, K, E. Meyer. G. A. Mourou, U. Rochester A
Ultrafast Optical Electronics: from Femftoseconds to contact less technique to measure electrical signals with
Terahertz, D H Auston. K P. Cheung. J, A, Valdmanis. P. subpicosecond resolution and spatial resolution of 10
R Sn.A 7T& r Bell Laboratories. The use of optical tech- 1,m, using the electrooptic effect in reflection mode, is

*rmqtes for very' high speed electronic measurements of presented. This technique is well suited for the future
devi( e ; and materials is revieved with emphasis on the characterization of very high-speed integrated circuits

roperttes of photocondUCtinq and electrooptic nmateri
.w'; 11ifec P'UP!, 12:00 M WB4

Picosecond Electrooptic Sampling and Harmonic Mixing
9:30 AM WA2 in GaAs, B. H. Kolner. K. J. Weingarten. D M. Bloom.
Prospects of High-Speed Semiconductor Devices, H. Stanford U. We describe an electrooptic sampling

c U llIinGiS Issue1s facing the high speed FETs and system, suitable for noncontact characterization of highi-
1-!erc.jojctiL) itepolar tranocistors are discussed. New speed GaAs integrated circuits, and ifs implementation

irrace flter LiC~iO trUiCtUres are evalu- as a harmonic mixer.
i ,(imj -ortrits;ei in triO meht of srnrinking dimensions.

iiiro~sped .0 inris Oe~aC lo1w' 20 psecI. 12:15 PM WB5
i, iit ,-id. 11- in.A ,iportant role mak ili it Picosecond Pulse Generation in GaAIAs Lasers at a

.2 .I' 's-.tfi* nr!i. ~tIrr ot devices Con- Repetition Rate of 18 GHz, K, Y Lau. Ortel Corporaition. A
I - 'f tdlrrn'1'2 dIit iI-kc' riscuissed (Invited Yariv. CIT. An ultrafast GaAIAs lase, having a direct

C. modulation bandwidth of 10 GHz is used to prodjuce

10.0 AM WA312-psec optical pulses at 18 GHz by active mnode locking

The Role of Ultrashort Optical Pulses in High-Speed Elec- i netra ie aiy
tronics. A H,1 Ltr, 5 F'ti,!boritories As the 12:30 PM-1:30 PM BREAK

K-,'r cr(.rrfrni~portaflcQ- in

t, ot t1 i, '-i 't- 0 iilrrshortA ce or Fr
J,,.- liahr high-speed Aceio o

-. : -- ' Ii - at- .'I~isioi r'-,IcaiNTIS CRA&I
- - i ' -.~. .5-r- teseDTIC TAB U

-- .';, i - 1~0'r;'ict 'Ire. Unannounced

SIERRA ROOM

10-30 AM-i11 00 AM COFFEE BREAK By ~
N Dist, ibution f

Avillabi:ity Comics
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WED~NESDAY. MARCH 13. 1985- Continued WEDNESDAY, MARCH 13, 1985- Continued

PROSPECTOR/ RUBICON ROOM PROSPECTORI RUBICON ROOM

HIHSEDPHENOMENA IN SEMICONDUCTORS PICOSECOND DIODE LASERS
C, &NF4Presider Geoffrey L Burdge. Laboratory for Physical Sciences,

Presider
1 30 t'tA WC,
Picosecond Processes in Carrier Transport Theory, D. K. 3:30 PM WD1 .-

to Th cio ina ulm e t a tells he f ae ntal lase m at r a andmo el c d to p -
- - * ;,r -n r nergy an duce picosecond pulses. The talk reviews these develop-

i I structure parameters which are important for further pro-
gress. (Invited Paper)

2:00 PM WC2
P ic r, -,.nd Toie Resolved Photoemission Study at the 4:00 PM WD2
;rP,; iric ii:i!i. > t-3rk R H. Slorz. Properties of GaAIAsJGaAs Quantum Well Heterostruc-

I-~ ',& Ibell ua,'oratories. tures Grown by Metalorganic Chemical Vapor Deposition,
* ~ ~ ~ ~ D .p-.-.!', hotoemis- R. D. Burnham, W Streifer. T. L. Paoli. R L Thornton. D. L.

,i JKm fS n The pico- Smith, Xerox Palo A/to Research Center, Major advances
ii j ,.rniconductor in growth of GaAIAsIGaAs quantum well heterostructures.

by metalorganic chemical vapor deposition have been
achieved in recent years. This article reviews these ad-

2 5M W" vances and their impact on present and future devices.
Arotuistic Pholon (jereraton in the Picosecond Dynam. (Invited Paper)
ics (Af Je:;5- ,flec- Hole Plasmas in lnGaAsP Films.

..................... hi- rjr'e Picosecond 4:30 PM WD3
-..... ;itis arc: nertrrmed InGaAsP l.55-irm Mode-Locked Laser with a Single-Mode

AT,- ~ .q\ Fr .]ije to phononi Fiber Output, G. Eisenstein. S. K. Korctky. U. Koren. H M,
- . .. > ,- n measure acoustic Jopson. L. W. Stultz. J. J. Veselka. K. L. Hall. A T&T Bell

I . .i~Laboratories. We report the first 1.55-1,m mode-locked
laser in which pulses shorter than 5 psec and fiber coupl-

P PM V11C ed peak powers larger than 100 mW were obtained
,arrer-carner lnteraction arnd Picosecond Phenomena

;n Pol-' Serni-cjr'duicr , %locdena, Italy: D K. 4:45 PM WD4
- - - earir-crnrin- Fast Multiple Quantum Well Absorber for Mode Locking

.- :,died L1ig, a of Semiconductor Lasers. Y. Silberberg. P VV Smivthr Bell
- - -. - - r-i,,,OIOf of mono Commrunications Researori. inc. D A B Miller P Tell A

- ;th, cuLAsi-Lallistic C. Gossard. W. Wiegmann. AT&T Bell Laborafories Pro-
ton bomnbarciment is shown In shorten the recovery time
of GaAs/GaAiAs multiple quantumi well saturable absorb-

2 4D r'M N, ers without substantially affecting the absorl:tion or sat.
SuccCM .1 Rafnar spectroscopy of Electron-LO uration crharacteristis

P -rne irrnlics a, 6aAf.. J C T,,-,an r)c
- --. , . - . - . .~ ntfer Tho rite it

- . *- i ) d'roctiy

SIERPA PO(;-M

r . .i7CFE[ PPEAK



WEDNESDAY, MARCH 13, 1985-Continued WEDNESDAY, MARCH 13, 1985-Continued

SIERRA ROOM WE7
Hot Electron Diffusion in Superlattices, J. Ho, R. 0. Gron-

5:30 PM-7:00 PM POSTER SESSION/REFRESHMENTS din. Arizona State U. Hot electron diffusion in superlat-
tices is studied by Monte Carlo techniques. The diffusion

WEl coefficient falls as the field increases. with values com-
Suppression of Timing and Energy Fluctuations in a parable with those of the constitutent materials. (Poster -""-.

Mode-Locked Semiconductor Laser by cw Injection, Finn Paper)
Mengel. Telecommunications Research Laboratory, Den-
mark. Chinlon Lin. Niels Gade. Technical U. Denmark, WE8
Denmark We demonstrate the suppression of pulse tim- Time-Resolved Photoluminescence of GaAs/AlxGa1 -,As
ing and energy fluctuations in an actively mode-locked Quantum Well Structures Grown by Metalorganic Chem- -. -*

850 nm semiconductor laser by cw-injection locking. ical Vapor Deposition, J. E. Fouquet, A. E Siegman. Stan-
(Poster Paper) ford U.: R. D. Burnham, T. L. Paoli, Xerox Palo Alto

Research Center. Carrier dynamics in quantum well struc-
WE2 tures at temperatures from 16 K to 300 K and excitation
Cross Modulation of Light in Si Semiconductor Materials photon energies above and below the barrier bandgap
in the Presence of Electric Fields, L. M. Walpita, W. S. C. (300 K) are discussed. (Poster Paper)
Chang, H H Wieder. T. Van Eck. UC-San Diego An op-
tical , u gate is demonstrated by simultaneously trans- WE9
mittirg two optical beams across the width of a Si semi- Picosecond Pulse Production in the Semiconductor Laser
conductor material. (Poster Paper) with a 100-GHz Repetition Rate, J. McLean. D. Haas. J.

Wurl, T. K. Gustafson, UC-Berkeley. The possibility of
WE3 mode locking the semiconductor laser through nonlinear - -

Ultrafast Diffusion-Driven Detector, A. G Kostenbauder. optical mixing is discussed. Numerical estimates show
A E Siegman, Stanford U. We present the theory and ex- that 5-psec pulses with a repetition rate of 100 GHz
periments on a novel ultrafast photodetector whose dy- should be possible. (Poster Paper) -
namics are governed by diffusion and whose response
ttme can be subpicosecond. 'Poster Paper) WE10

Measurements of the Temperature and Intensity Depend-
WE4 ence of Transient Photoconductivity in InP:Fe. D. R.
Optoelectronic Modulation of Millimeter Waves in a Kania. R. J. Bartlett, R B Hammond. D. L. Smith. Los
Silicon-on-Sapphire Waveguide. Chi H Lee, Aileen M. A/amos National Laboratory. We report our measure-
Yurek. M G Li. Eve Chauchard. R P Fischer. U. ments of the temperature and intensity dependence of
Maryland High-speed modulation of millimeter waves in transient photoconductivity in InP:Fe photoconductors
a silicon-on-sapphire dielectric waveguide using an opto- from 77 K to 300 K. (Poster Paper)
electronic technique is described Modulation bandwidth
in excess of 1 0Hz is acrievI (Poster Paper) WEll

Pulse Waveform Standards for Electrooptics, Robert A " - -

WE5 Lawton. National Bureau of Standards The development
Kilovolt Sequential Waveform Generation by Picosecond of reference waveform generators for transfer of pulse -
Optoelectronic Switching in Silicon, C S Chang. M J. measurement accuracy from the National Bureau of
Rhee. Chi H Lee. U. Marvland. A Rosen. H Davis. RCA Stanuards to the eltctrooptic sampler is de,.cribed
iLabora tories T he generation of a sequential waveform by (Poster Paper)
picosecond optoelectronic switchinq in silicon is describ-
esd By usilq a pulse bias a sruLJare pulse of two and one WE12
hal' jjier, hr; been obtained ,with a peak te-peak voltage Monte Carlo Invesligation of Hot Carriers Generated by

'85/) V RPL,(e' P, p-r Subpicosecond Laser Pulses in Schottky Barrier Diodes,
M A Osman U Ravai ih D K Ferry/ Arizor, State U The

WE6 dynamcc of carriers phrtoexcited tb subpicosecond
Observation of Modulation Speed Enhancement and laser pulses in s-lO n -si icrn Scnbttky diodes s in
Phase Noise Reduction by Detuned Loading in a vetiqated by tens-mble Monte Carlo silation I unnol
Coupled-Cavity Semiconductor Laser, K,,rr, Vaha)a Joel inq. band ner'rlar!it(uicit, an; h~t- frainsp rt ,r ire - "'
P ila mk Ar'non Yi.;r,, 'i I K nn Lau, Nadav Bar Ciairm. iIdirt'd Po,ler Fl'oer'
(rte! (rr,or,"tr riT'tltdrInP( Si dire(t modulation

t rf e 'tariei nrt, t .10 t 1 il pt,i n rotse uirnewidth) re • -
i j, r , ir" ir ),I(, ,, I t .i t,, lrid r aviv sem iconductor

, I . .1e'tin' ' ! ' rq - ,r,-rn ,Poster Paper
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WEDNESDAY, MARCH 13, 1985- Continued THURSDAY, MARCH 14, 1985

WE 13 SIERRA ROOM
Hertzian Dipole Measurements with lnP and InGaAs
Photoconductors. P kA Dowvney, J R Karin. AT&T Bell 7:30 AM-8:0O AM CONTINENTAL BREAKFAST
Laboratories Exprients are dlescrttped using ion-born-
carded III V pioocdccsas r'adi:Iing sources and %
receio-rs of picO-;ec'icd elec tomagnetic pulses in two PROSPECTOR/ RUBICON ROOM

Of-'Oflt A~l B.t:15 ha(,-ti-La'.K and face-to-face.
PUlrrPapt- OPTOELECTRONICS 1

John Whinnery. UIC-Berkeley. Presider
WE14
Modeling of Picosecond Pulse Propagation in Silicon In- 8:00 AM ThAl
tegrated Circuits. K V.~oocscr Princeton U.: R. B. Ham- Picosecond Integrated Optics, R C Alterness. S K.

- - ./Ni- .at Of),! LaLooratory. We performed Korotky. G. Eisenstein. R S. Tucker. A T& T Be!) Laborator-
of - pulise propagation on) silicon ies We review the principles, current status, and poten-

r-Ic c,,p(rs:on conductor linewidth. tial applications of high-speed Tr:LiNbO, optical wave-
-- a:.'.--' rnt:-tir km effect, and sub. guide switch/modulators as well as the use of such

- r:: s ,-irc rioded (Poster Paper) devices as intracavity elements for semiconductor laser
mode-locking. (Invited Paper)

WE 15
Femntosecond Noniine,-- ties of Standard Transparent 8:30 AM ThA2.........
Optical Glasses, r tiK nIre I Thnfmazeau, G Grillon. A. Study of Exciton and Carrier Dynamics and Demonstra-
V -~A Ai!,i-tt, L-cce Polyt!echique-ENS TA. France. tion of 1-psec Optical NOR Gate Operation of a GaAs/

* - !r-u- i t'er- rti behavior on the femtnsec- AlGaAs Device, N. Peyghambarian. H M. Gibbs. J. L.
I ,r, .i transparent optical Jewell. U. Arizona: A. Migus. A. Antonetti, Ecole Poly-

;1i t i i re-at-Ir the content and technique- ENS TA. France, D Hulin. A. Mysyrowicz. Ecole
i nelot- ' -on.s (Poster Paper) Normale Superieure, France. Dynamics of exciton screen-

ing by either free carriers or excitons in a GaAsiAlGaAs
superlattice is investigated. The speed of a GaAs/
AIGaAs optical logic gate is time resolved

8:45 AM ThA3
22-GHz Bandwidth InGaAsJInP PIN Photodioides. J E.
Bowers. C. A. BurrLos. R. S. Tucker. AT&T Bell Laborator-
ies. We describe the fabrication and characterization of
an improved back-illuminated PIN mesa photodiode com-
posed of lnGaAs absorbing layers on an loP substrate
The measure-, 3-dB bandwidth is 22 GHz .-

9:00 AM ThA4
Ultrafast Traveling-Wave Light Modulators with Reduced
Velocity Mismatch, Masayuki lziitsu. Hiroshi Haga.
Tadasi Suieta. Osi, i Djapan 1nc velocity mismatch
Letweerr liht ind I nodiiat inq waves -has reduced to

bui tti-ient ltrt traveiiiq .av, light modcUlatorIs

Fathrir-atien and rl-tilatii ,0 erien are also
felorted

o-14



THURSDAY, MARCH 14, 1985-Continued THURSDAY, MARCH 14, 1985-Continued

9:15 AM ThA5 11:30 AM ThB4
Direct dc to rl Conversion by Impulse Excitation of a Development of a 1-psec Cryosampler Using Electrooptic
Resonant Cavity. Mir~c G i. ('n eo. A .¢rc[]lr~ir Techniques, D R Dykaar, 7 Y Hsiang. G. A. Mourou. U

,'-h,.. f P hil Dnqie- Roch:tr A crvor) ri ceuctrooptic sampler is being
. , q ', i ('A ldevel(,led An r tla yers, n ,. ith room temperature

ix, i.nai sotirce -nd t ro(;c sampling crystal had a rise-
i, tir o! i, 4 psel,,

' ." ,. t.i ' ', '. - it it} 11:45 AM ThB5
1bt- rr - 'n H' s ,,,'.1th Col Picosecond Josephson Logic Gates for Digital LSIs, Jun- -

,* ':i ' -l'" ',, !,': " Hi (in( Sono Jj, ,-;, er Tsai Hiioyuki Abe. NEC Corporation.
Japan ri s p-or tisses the realized and projected

9:30 AM ThA6 pq se¢,n -a .r ,faed f resistor-coupled Josephson
Subpicosecond Response Times from Ion-Bombarded i(,;. ! ti -l ipIu '-

F, , r t Ir 12:00 M BREAK

-- "~-,:,•,,... ' ..... .. 'PROSPECTOR]RUBICON ROOM

SIERRA ROOM ULTRAFAST ELECTRONICS
'p-. >i,'i cf- r P. Pi,sidr

' :45 AM-l 1015 AM COFFEE BREAK
7:30 PM ThC1
Picosecond Switching Speed GaAs Circuits, Raymond

PROSPECTOR/RUBICON ROOM >,. - , ,,,r,"of. pr

CRYOELECTRONICS 8:00 PM ThC2
. Characterization of TEGFETs and MESFETs Using the

Electrooptic Sampling Technique. K E Meyei D R"
10:15 AM ThB1 t) t%' '1 ' M i, ,,,,- . ' t e Eh chn opti c sampl-

High-Speed AnaJog Sign3l Processing with Superconduc- r"' t' ': ,n i m ,. rnt' '',,, s rniponse of

tive Circuits. '' '"'' " [ ., -' 't, 6 iA' TEC.E it,)P: f - E tinm"-of 6 psec and

. ' ,.,-, - : "', 8:15 PM ThC3
Picosecond Optoelectronic Diagnostics of Field Effect
Transistors. [oin a'I - tr ,pac( C(o,oraitlon

10:45 AM ThB" l' ,tI' o :' ' ' ii- t ,n ' ,-n ., -t,, ' , FET ire
Picosecond Sampling with Josephson Junctions. r -''t ;' 'n r' ht S- tter : ii t , tir iioll tot thi milli-

',' .' / " , • ' o' " ,' •' • ' ' ', t.'.'* " ](% ,* w) lt'r "I .+ ,; l- f t"+' lt+ ilkit-';i f rl l th (-' d~ a .

, , . " I , p , ' " , , r . , :r' i ' : - . ,! ' ' , 8 : 3 0 P M T h C 4

Tras issi Line, '.... . : . ' High Electron Mobility Transistors--Their Evolution and ..-.
Ultimate Speed•, I lo+,+ , N +, c u .I>,f Ph "llI.

11-15 A M ThB3 o,.h t , + " ;t , tll+,t'u[+e 1<f "q~h tJllt\ ''

Transmission Line Designs with a Measured Step Of ''' , ' i , M T S ,' ii'-';e~1 tor"othn

Response of 3 pseclcm. t" ' '- , , V - ; . .;,*'i 'i -, -l'. '' a, 'r 'a} /a-

; , ' ' " i: '" " t' ,, -:- ' ',, ;,-,, Pipn,"'f,

, .... .... ' . .... . .,- .. . SIERRA ROO M

9:00 PM-9:15 PM COFFEE BREAK
+ . , + , + . , t.I" , ,

I):



*THURSDAY, MARCH 14, 1985- Continued FRIDAY, MARCH 15, 1985

9:15 PM 1-C5 SIERRA ROOM
Time-Domain Measurements for Silicon Integrated Cir-
cuit Testing Using Photoconductors, Vi' H Eisfl5tt, U 7:30 AM-8:00 AM CONTINENTAL BREAKFAST

Fr;o,I H R H,,i innr : t(, A' NcI~tieral L aboraj
tory. D B oi H Vj Duit $ 'r U Vie dleveloped

- an be v- d1iii a.;ed l iv c-i:u n silic-an :nite- PROSPECTOR/ RUBICON ROOM
* 'el I . cutC pilsing and sarnpiinq

~f-,~r~nit 20 - :- D GH:1. Aere achieved and QUANTUM STRUCTURES
a,,- 1 -- ' ' - e repo (rtedj Claude Weisbijeb Thoi,on CSf, Presiri-r

9:30 PM ThC6 8:00 AM FAl
Molecular Beam Epitaxy Materials for High-Speed Digital New High-Speed Optoelectronic and Electron Superlat-
Heterostructure Devices. Fi L Miller. flockele/ Inter tice and Heterojunction Devices, Federic~o Capasso.

a ,, M Cc-jar beam epitaxy material A T& i B01 Laiboratories. Very recenit ailv inc-es in hetl-rc-
n ~ " Ah ME: o ,. Ite cent advancn high lurictbii and superlattice StriJCtijffs for high speed iptoi

p:~ t'~i r Ia 1c-c_-s The reasons for olec-tionic and elec-troni device ippoiiions jrt. Jis

- : t -vetialc-irciuit production. c e e ae

8:30 AM FA2
Semiconductor Quantum Wells: Physics and Applica-
tions. Li S. Chen-la. A T, T 130/ .?horitories Ve rrvieA
the physical propert es and the applicat ions to ii iqh-
speed optoelec-tronics of the rae-i temuperature excitonic
resonances observed it ( 1i $.iii in GciAs i nd at 1 6, in iii

GalnAs quantum, Neils (Invited Paiperi

9:00 AM FA3
Electric Field-Induced Decrease of Exciton Lifetimes in
GaAs Quantum Wells. J A Kash. E E Mendez, IBM T J
Waitson Reseairch Center. H Moikoc, L/ 1/linois a!
Urbana Chamipaigqn Electric fields pr-peniticular to the
(Iliant~im -A el plant, citonch exc iteir photoln minescenco.
lifetimes Fey.%,(, Ner~odteini turi-Iigq is responstie Ex-
c-ton screenini iediu. cc. tne iuoiininq at highpm in- -

Iten sities

9:15 AM FA4
Reduction of Electron-Phonon Scattering Rates by Total
Spatial Quantization, N1 A Hetid. R T Hate, Vv M Dun1
can, W H Frenis Ie\ H D Srhih. Te xis ins trum17enIs, Ir,
Photluiinc1sirr (' ' P rii attre nriltipic
pqianturm--Ael' .t'LICtuie> 01ti;t' . r it)( Oxpliincil

by a reduced e I 2:l'2i nC-:iterii2 -.0d p'roedirra

by ftal spat - qet -Ota

9:30 AM FA5
High-Speed Phenomena in Resonant Tunneling. I Ci
G. Scillner, C A 01 orr,, i E Ti rii'i'icA ll C, P) i6a itfike
MIT Lincolr: I (,';Ioii H ()L k fA I rx'rc-. P/Iter \i/

iorat Mragnret I ,toraiiwl Hesoni limn-Iiing proufes"ss
stiioy.n te respol I i tiii. il o. ij evaled nc %

photo-undiie1iv- ide 1n 1111i- 11 .:.ron, f-il/ID
secoilds tiila

SIERRA ROOM

9:45 AM-10:15 AM COFFEE BREAK-
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FRIDAY, MARCH 15, 1985- Continued

PROSPECTOR/RUBICON ROOM

ELECTRONICS AND OPTOELECTRONICS
Gerald Witt. Air Force Office of Scientific Research,
Presider "-.'

10:15 AM FB1
Heterojunction Bipolar Transistor Technology for High-
Speed Integrated Circuits, Peter M, Asbeck, Rockwell In- 4
ternational Corporation. Heterojunction bipolar transis-
tors combine the high transconductance of bipolar struc-
tures with the high-speed characteristic of Ill-V devices.
Cutoff frequency. f, , up to 40 GHz and frequency divider
operation up to 8.5 GHz have been achieved to date. (In-
vited Paper)

10:45 AM FB2
Permeable Base Transistor. R. A. Murphy. MIT Lincoln
Laboratory. The development and current status of the
permeable base transistor (PBT) is reviewed. Both silicon
and GaAs PBTs have been fabricated and have demon-
strated high frequency performance. (Invited Paper)

11:15 AM FB3
Picosecond Photoconductivity in Polycrystalline CdTe
Films Prepared by UV-Enhanced OMCVD, A. M. Johnson.
D. W. Kisker, W M Simpson, AT&T Bell Laboratories.
Photodetectors with oscilloscope-limited response times
of 35 psec and carrier mobilities of 11 cm/V sec are
reported in thin pol crystalline Cdle films with a 200- .,
grain size

11:30 AM FB4
High-Speed Internal Photoemission Detectors Enhanced
by Grating Coupling to Surface Plasma Waves, S R J
Bruec,,k D at, ' ,' Lefith MIT Lincoln

... r , t, . . . ,1 P rilfr ,al o tot ernis
3 -y

0 ' ~'.'~ce -<isma

11 45 AM F "
Submicron Gap Photoconductive Switching in Silicon, G"

- .- 4,-4 4-4.
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ULTRAFAST OPTICAL ELECTRONICS:

FROM FEMTOSECONDS TO TERAHERTZ

D. H. Auston, K. P. Cheung,

J. A. Valdmanis and P. R. Smith e-.L

AT&T Bell Laboratories

600 Mountain Avenue, Room 1C-424

Murray Hill, New Jersey 07974

(201) 582-3188

SUMMARY

The use of optical techniques to generate and measure fast electronic events is

a challenging approach to high speed electronics with many important potential

advantages relative to conventional electronic instrumentation.

This talk will review this subject with specific emphasis on the optimum choice of

materi-s and transmission structures for picosecond and sub-picosecond

applications. Two classes of materials have emerged as valuable building blocks for

picosecond optical electronic measurement systems. These are photoconductors and

electro-optic materials. Each have found important applications for both generating

and detecting very high speed electrical transients. This talk will present a unified
description of the properties of photoconducting and electro-optic materials stressing

their similarities and differences. Specific properties will be illustrated by -"-i

experiments in which they have been applied to the measurement of high speed

devices and materials. '.-

As a guide to the optimum choice of materials, we have examined three

criteria: speed, sensitivity, and versatility. By representing their response as a

- .-. . - -. ... .. .
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SUtafast optical electronics D. H. Austo

generalized nonlinear polarization current it is possible to make quantitative

comparisors of the sensitivity and speed of photoconducting and electro-optic

- materials. When used as sources of electrical transients, we find that

photoconductors i are generally preferred for their greater sensitivity when the

response time is greater than one picosecond. For sub-picosecond applications,

however, the inverse electro-optic effect has proven to be more effective 2. When

used as sampling gates, similar conclusions apply, with photoconductors having

greater sensitivity for the slower apertures (2 3ps) and electro-optic materials

being preferred for faster measurements3 . For sub-picosecond measurements we

have also found it more expedient to treat these electromagnetic transients as free

waves rather than to confine them to transmission lines or other guiding structures.

For this reason, sub-picosecond electrical techniques are at present best suited for

measurements of materials rather than devices. As an illustration, we will describe

recent experiments in which sub-picosecond electrical transients have been used to

develop a novel approach to far-infrared spectroscopy in the spectral range from 0.1

to 3 THz. These results illustrate how the ultimate speed limit of electro-optic

materials is determined by lattice vibrational resonances.

[1) for a recent review see: D. H. Auston, "Picosecond Photoconductors: Physical Properties and

Applications," in Picosecond Otoelectronic Devices, ed. C. H. Lee, Academic Press (1984).

[21 D. H1. Auston, K. P. Cheung, J. A. Valdmanis, and D. A. Kleinman, Phys. Rev. Lett., 53,
1555 (1984).

[31 1. A. Valdmanis, G. A. Mourou, and C. W. Gabel, IEEE J. Quant. Electr., QE-19, 664
(1983).
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Prospects of High Speed Semiconductor Devices

by

H. Morko4,

1101 W. Springfield Avenue

University of Illinois

Urbana, IL 61801

Abstract

Search for high speed has over the years focussed on miniturization and high performance sem-

iconducting materials. Scaling up in speed reaches a saturation as the dimensions are reduced because

parasitics do not entirely scale down, particularly in integrated circuits. As a result new material sys-

tems e.g. GaAs/AlGaAs modulation doped structures with enhanced transport properties have received

a great deal of attention. The propagation delay in Si devices (both bipolars and FETs) appear to have

reached a limit at around 30 ps while the bulk GaAs FETs operate around 15 ps. Near 10 ps and sub

10 ps switching speeds however belong to modulation doped GaAs/AIGaAs FETs with - 0.5A gate

lengths. Heterojunction GaAs/AlGaAs bipolar transistors are expected to reach the 10ps range in a few

years being at - 30 ps at the present time. It is becoming very clear that the progress below 10 ps in a

given material system is very difficult because of parasitics. The 10 ps switchings time obtained for an

individual device (gate) can not be maintained in a real circuit where a chain of gates are used, again

because of parasitics and interconnects causing delays. If it were not for the delays associated with the

input capacitance changing time and other parasitic effects, intrinsic delays of about I ps should be pos-

sible. In field effect transistors for example, it is fair to assume that a great portion of the delay arises

from input and output charging times. Obviously lowering the lateral dimension (e.g. gate) alone does

,not necesarily lead to expected improvements in speed. This is even more so in heterojunction bipolar

transigstors where the input charging time accounts for about 75% of the total delay time: therefore,

reducing the base width further, well under 0.1gm may not necessarily lead to faster operation.

7N



V.-~~~ -j TTo7071 -

WA 2- 2

Devices relying on current transport, without scattering which limits the intrinsic speed process to

about I ps. through tunneling may be of value. However the devices demonstrated so far are of the

two terminal type and do not have wide ranging applications that could be possible with three termi-

nal devices having gain and isolation between the input and output. Even though tunneling process is

extremely fast (- 10-' 6s), the parasitics slow the device considerably.

In this presentation an overview of FETs, HBTs will be given along with preliminary results on

heterojunction tunnel devises. The limiting factors which are traceable to the parasitics will be alluded

to. Finally speculations for some future directions will be addressed.

. o ...
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The Role of Ultrashort Optical Pulses in High Speed-Electronics

C. V. Shank
AT&T Bell Laboratories

Crawfords Corner Road, Room 4E-436
Holmdel, NJ 07733

As the speed of electronic and optoelectronic devices moves into the
picosecond time domain, optical techniques have the potential of an ever
increasin9 importance in analyzin9 both device performance and the physical
processes necessary for understanding high-speed operation. Optical methods
have the advantage of ultrashort time resolution that exceeds all other
high-speed measurement techniques. The state of ultrashort optical
techniques is reviewed and the areas where these methods are likely to have
an important impact are discussed.

4 - 4-4- ,
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GaAs Integrated Circuit Technology for High Speed
Analog and Digital Electronics

Gerard Nuzillat and Rene Castagne
Thomson-CSF

Laboratoire Central de Recherche

Domaine de Corbeville
BP 10

91401 Orsay Cedex

France

Some guidelines for the understanding of the technological trends in GaAs IC'S

can be found in a brief recall of device and interconnect behaviour under scaling

down. Let us recall that the device control parameters are the internal charge

Qt carried by the electrons in the control region end the electron transit time t t .

When N identical devices are driven by N interconnexions, each having the same

length and carrying the same charge QL, the switching time is aproximately given

by tpc N tt (I+QL/Qt). The local speed will then be improved by reducing both

tt and QL/Qt. As longr as QL/Qt is greater than one, a common practice is to increase

the control region width (say the gate width). Here Qt is increased, tt remaining

constant. But it is well known that the counterpart of such an improvement for

the current driving capabilities of the device is poundered by an increase in power

dissipation. Cn the other hand, reducing the length of the control region (for instance

the gate length of a MEISFET) leads to a reduction of tt and Qt. So that in order

to be effective, one should also scale down the interconnects width of the same

quantity.

This is no longer the case when QI,/Qt becomes smaller than one. The intrinsic

qualities of the device, and more precisely the transport properties of the material

prevail. Both high electron concentrations and high electron velocities are then

required. Electron mobility is reduced by Coulomb Scattering on ionized impurities.

In MISFET and Ileterojunction TEGFET. it is possible to confine high densities

- . -
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of electrons along an interfacial barrier in a very low doped material. (onditions

are then met for high density - high velocity electron flow. However MISI.'T is

not a high mobility transistor because of scattering by interfacial charges in the

insuhating material. In a T'r(, FFT structure on the other hand. high electron mobilities

are ichieved through the high quality of the epitaxial interface This is a

technological improvement.

\ccess resistnce and especially the gate-source resistance Rsg can drastically

redtce tile charge Qt which iS effectively controlled. Given an input voltage swing

orti\ a rrictionnmal part Veff = \'i/(l+k) is, in effect, applied to the control

region. k is the ,erie iecd hack factor, proportional to the access resistance Rsg.

[Ihe (,1 Qt ra tio then i multipled by (l+k) which can easily reach a value of ten.

It is then obvious thmt ;tccess resistances have to be reduced.

I)uring the past few \ears. a very important effort has been done in GaAs

technol. y along must of these guidelines. A general geometrical scaling down

have been reached through tie generalization of direct EB writting. In the same

tic. a~ decisive irmprovemnent was obtained in the semi insulating material quality

by induistri iI use of ( c' ,r\staIs givirg very low residual doping level and high

tejn l)enatire -t : inlit \ aiin'it o arneaIing. These crystals allow direct channel and

;('('(,S /oi(, lol 1n11;&Itart o, reducing both the source access resistance and tile

dispersiont il i :te t hreshold voltage V-. ..\ self aligned refractory gate technology

thert hri"';s (;a \ \IlSI IA* to a nearly perfect technological quality and open the

way to IW 't I 1,t tes.

% ar-iotis evarrples will he presented illustrating the fac't that A i.s I(t"S tc('ltrtologv

has re lhe(l art indlustriail maturitY in I)igital (Circuitrv. So that it is now ill a position.

to tackle high speed anti log or analog to digital problems.

t: -A::
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GaAs devices and circuits have then demonstrated their capability to switch

or drive interconnexion pattern more fastly than their silicon homologues. A further

reduction in line width should the theoretically bring circuits performance towards

device intrinsic speed limits and then set the GaAs superiority over Silicon. But

switching times of the order cof 10 ps would then be in the range of propagation

times along the distributed microstrip interconnexion lines.

In digital circuits. an impedance desadaptation is necessary for saving power

dissipation so that multiple reflexions and inter connexion cross-talk noise could

become the source of the ultimate limitations. Circuit architecture could then

be the field of the next generation researchs with the usual seek for circuits density

giving place to new principles, pushing design of new C A D tools forwards.

._- 7
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Hybrid Signal Processor For Wideband Radar*

I I (;o, V' .Im C. A. Bouman, and .4. M. ('hang

Lincoln Labhoratory, Massachuset ts instit ute of Technology,
P. 0 [lox 73

Lexington, Massachusetts 0217't-0071

T[he -!gnal pr,,ce .ing task for radlar systems with large instatntaneous hanfd~4idth and w~ide
ran gv c5r gstresses the throuighput rate of conventional digital processors In this paiper, a
hi brid mn Jr g ignal proressor for wideband pulse-Doppler radar t is described. It offers the poten-

iAl 4 a iii pact. high-i hrough put processor. In the processor, three ty pes of -an alog signal pro,
ces-iiig ki,'' i: ,, are I ncorp~orated. They are: (1) a surface- aruist ic-%,k,,e (S'AV) convols r- to per-
form rgmral pulse compression Fijr radar signals with 2(N1Nl I inst antaineous halndwidlth in
order tprwole tatrget range informat ion with 0.75-rm resohit ion, (2) optoelectron ic saniple-an(I-

hold iIr( ujt s to performn the range gating function and the buffering of the samnpled data
Into, (h- I )Iler prr-ssor, and (3) charge- coupled-dev ice (((I) matrix-mArix-product (NIMPI)
chi p,4 t .rf rmi D oppler Fourier analysis in order to prov ide target vchx-citv information.

The ivroces sor is tiexible enough to accommodate a wide variety of radatr waveformns. This
w ork feit tires non rclwat teg pseuilonoise-encoded hurt waveforms with laIrge instant aneous
bandAidth. These haie the desirable traits of high range resolution, no range amhiguity. and
ri bust perforiiance agaLinst interference. Fig. I shows the blck diagram of the analoig portion of

* the proposed signal processor. It c'onsists of I SAW convolver and its reference % a~eformn genera-
tot, 8 oploelectronic S/Il circuits, and 80 CCD-MMNP chips. The radar return signal with 2(N)-

* ~ MI N i t hintwilt h is fi rst pulse-compressed in the SAW convolver. Because of the rre(Ilieriey dou-
*bling effect in the con--olver, the bandwidth of the compressed puIIIk;e is II i X 11 .AfIt e r I de o

* derriojduit ion, this signal is spilit into in-phase I1) and (quadrature (Q2) channlels. There are 4
* optoelec tonic S:/Il circuiits operating at a 100-Ntlhz sampling rate in each ch an nel to provide a

8(KNIMl I 1i cis e '..inpling rate Since 'he CCD-NIMI t chips are to be cr x'k ed at 10 M117,i the
out put of (:0' h S/Il fceds It) (( l-MNIP chips. I lossever, because the iniput stalge or each (VD1-

NNIP 'hil p, is aale of capturing dat a samples in 10 ns, no addlit ion at S/11 circulit,; are niecessary.
As the ign al rvM hes the ( ( 1-NI' chips, Doppler processing is, perforriied on each range bi n
base-d on the discte Ffo,rier transform (1)FT) algorithm to deroe the 1tr,er evlocitv informa-
tio [maD the loprrprocessor output would reed the digital lost lrrrrre-r for fuirt her pro
cessing. k\iih th i, architectuire, !2,90 range bins by 32 Doppler hIns '%oiijl he prooideil in real
tme anid it Iitiro tn.ro iseful for search, track, and imaging atpplications

Iiilrln di-s ilopilioit is a demonstration system ii~lng a thinnedi ersior of this, pr'''e-r for
pros inv the s.iiiv or the c oncepit In this thinned processor one S .*\ Vs conovelvet. to 540pt ilec-

tronic i/Il rir, Its, anid two ((1)-NINIP chips will he incorporated Nll analog elements evisi
and ( irnet i this derwiii n~it mon systeun hats been integrated up thromgU the optocelctronic S/Il
rr iii', I mg 2 shows a% ranigc-lDoppler plot of two targets, one station ans and one umoving, pro-

duct-l tr the deni usttfiti :n svstein where the Doppler processing wars 1imii atedj In ;I h ist COIII-

pute'r 'j he ( C 1-NINIV chip is cuirrent ly being optimized for higher dv namiic range: it %sill i hii hr
- in trcgritcl into) the ss stemy Furi ct ion -lly , it performs a 32-point I)F' for 32_ di ITrent roige binis

at the ',inie tilet atnd thus prosles 32 D~oppler bins for each of .32 ringe Ijns At its 1wl loaid.
Cal h t 1-NI\i' chip fei.-iites 6i 10 illion real arithmetic operations per second

T his "snk ss:vs suplrjrted h,. the Department oif the rrmv and the P4f iis. 5' Ml, -I

Hese rch ' n ci -g4Mc
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Because of their throughput-rate, power, and size advantages, these analog signal processing
devices are well suited for computationally intensive, real-time signal-processing applications.
This processor, when fully populated, will be capable of handling 1280 range bins and 32 Doppler

I bins per range bin for radar signals with bandwidths more than an order of magnitude beyond
those handled with conventional digital technologies.

References
1. 1. Yao, E. M. Hlauser, C. A. Boumnan, G. T. Flynn, and J. It. Cafarella, "Wideband Radar

Signal Processor Based On SAW Convolvers,- 1984 IEEE Ultrasonics Symposium, Dallas, --

T e xas, 198-4. Proceedings to be published.

2. 1. Yao and S. A. Reible, "Wide Bandwidth Acoustoelectric Convolvers," 1979 Ultrasonics
Sympoeium Proceedings. New York: IEEE, 1979, pp. 701-705.

3. C. 11, Coxill1, V. Diadiuk, 1. Yao, F. J. Leonberger, and R. C. Williamson, "lnP Optoelec-
tronic Switches and Their Hligh-Speed Signal Processing Applications,' Proc. Soc. Photo-
Opt. Inst. Eng., vol. 439, pp. 164-168, 1983.

4. A. M. Chiang, R. WV. Mountain, D. 3. Silversmith, and B. J. Felton, "CCD Matrix-Matrix-
Product Parallel Processor," Tech. Dig. 5?4 Int. Solid-State Circ. Conf. San Fransisco: IEEE,
1984, pp. 110-111.
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Fig.1I Analog portion of the hybrid signal pro- Fig.' Hange-Doppler plot for two targets, one

cessor architecture. moving and one stationary, generated by
the demonstration system using a
computer-simulated Doppler processor.

The UJ.S. Government assumes no responsibility for the information -

presented.
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Two-dimensional E-Field Mapping with
Subpicosecond Resolution

- K.E. Meyer and G.A. Mourou
, Laboratory for Laser Energetics, University of Rochester, 250 East River Road

Rochester. New York 14623-1299

With the development of very high speed GaAs devices such as heterojunction
bipolar transistors, GaAs MESFETs, TEGFETs and MODFETs, with response well into
the picosecond regime, comes the need for new instrumentation to directly
characterize these ultrafast devices. Requirements of such instrumentation include
good spatial resolution, i.e., a few micrometers, a temporal response of few ps, and
minimun interference with the circuit being tested.

We have demonstrated a technique which is a variation of the electro-optic
sampler, developed at our laboratory,1- 3 which is capable of characterizing the
response of microstructures in two dimensions with a temporal resolution of a fraction
of a picosecond.

The reflection-mode electro-optic sampler is shown in Fig. I. A thin slab of
LiTaO3 is located near the surface of a coplanar transmission line built on Cr:GaAs.
The electrode widths as well as the distance between electrodes are 50 1jm. The
bottom face of the LiTaO 3 is covered with a high reflectivity coating. A fast
electrical signal is generated by laser-induced photoconductivity in a gap interrupting
one of the electrodes. The gap is 50 lim wide and biased with a few tens of volts. As
the signal propagates down the transmission line, its fringing field penetrates into the
thin slab of LiTaO 3 and slightly modifies the crystal birefringence according to the
signal strength. This electrically-induced change is detected by a probe pulse, which is
reflected by the dielectric coating. Presently the spatial resolution is 10-15 jIim and
can be improved to .5 i by focusing the probe beam more tightly. Figure 2 shows the
experimenta,. results when 100 fs optical pulses are used to generate and probe the
electrical pulses. The temporal resolution of .75 ps is limited by the double pass
transit time of the probe pulse across the region of induced birefringence and is a
function of the electrode spacing. Because the spatial extent of the fringing field

* scales down with the distance between electrodes, this effect should be minimized and
consequently The temporal resolution improved for integrated circuits.

This technique will be tested in the near future on very high speed GaAs
integrated curcuits.
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Fig. I Reflection-mode electro-optic sarnpler configuration.

-A K308 f S

Fig. 2 Temporal response of the reflection-mode- sarplpr with coplanar line
dimensions of 50 VDm. The 10%-90% rise titne is .75 Ps.
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Picosecond Electro-Optic Sampling and Harmonic Mixing in GaAs

B.H. Kolner, K.J. Weingarten and D.M. Bloom

Edward L. Ginzton Laboratory
Stanford University

Stanford, California
94305

In recent years, the performance of high speed electronic and
optoelectronic devices has surpassed the measurement capabilities of
conventional instrumentation. At the same time, progress in ultrashort light
pulse generation has continued to evolve and today subpicosecond laser systems
are not uncommon. By combining very short optical pulses with the
electro-optic effect in GaAs, we have developed a sampling probe suitable for
non-contact characterization of high speed monolithic GaAs integrated
circuits.' The circuits can be excited either by on-board photodetectors for
impulse response measurements or by external signal generators, phaselocked to
the 'aser pulse tran, for swept frequency measurements.

Previous electro-optic sampling systems relied on connecting the device
under test to a nicrostrip transmission line deposited on LiTa0 3.

2' 3 Although
LiTa, ,',oes have a high electro-optic coefficient, this hybrid approach is a
compromie wien very wide bandwidth measurements are anticipated.
Fortunately, GaAs is electro-optic and devices and circuits made in this
material can be probed directly with sub-bandgap radiation without degrading
circuit performance.

Of the various possible geometries for electro-optic modulation' in GaAs,
the longitudinal case illustrated in Figure la is the most attractive. In this
configUration, the optical sampling beam passes through the wafer at a point --

adjacent to the upper conductor of a microstrip transmission line and is
reflected back by the ground plane. For (100> cut GaAs (the most common
orientation for integrated circuits), the electric field lines along the (100>
axis induce birefringent axes along the (011> and (011> directions. This
birefringence, proportional to the signal being measured, is converted to an
amplitude modulation of the sampling light pulses with a polarizer. The
sensitivity, or minimum detectable voltage, is independent of the
characteristic impedance of the transmission line and for a 50Q system is
nearly 10 times better than that of the transverse LiTaO 3 sampler (Fig. Ib).

Fg. 1) Microstrip sampling
geometries with indicated
crystalloaraphic axes. , .

(a) (b) ..

A new aspect of this approach is the need for a two-wavelength picosecond
source. A short wavelength pulse is required to excite the photodetector
while a Irrq wavrIenqth pulse is needed to probe the fields. A Nd:YAG laser

s i doa I Ir h i , appl i ,ati on. The fundamental o Ut PuLlt a t 1 .06 rjnmi is used for
samp (j while fre quen doul ing to .532 um yields a synchronized excitation

. .. ~.. . " . . . .~. .. . . . . . .
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source. We used a cw mode-locked Nd:YAG laser in conjunction with a
fiber-grating pulse compressor 4 to reduce the pulsewidth to 5 ps. The .532 um
beam was atter uated and used to excite a GaAs photodiode. The remaining 1.06
kim beam was passed trrough a variable delay line before sampling the GaAs
transmission line, As the delay line was adjusted, the 1.06 )jm sampling
pulses mapped GuZ tle impul se response of the photodiode (Fig. 2). .

"4'x
SAWU

Fig. 2) Impulse response of 50 um Fig. 3) Spectrum of 199th harmonic
diameter GaAs photodioe measured of laser pulse train mixed down to
by electro-optic sampling of a 11.58 MHz by electro-optic mixing
GaAs microstrip transmission line with a 16 'Iz cw signal. Phase

-r : I:, .i . .. ,: V) i'). noise sidebands predominate.

Because the samnler measures the product of the optical intensity and the
electrical signal on the transmission line, it can be viewed as a mixer. Any
signal on the trarionission line will appear as sidebands on all of the
harmonics of the fu ndaental sampling rate, oo,. Therefore, if the transmission
line is driven with a pure microwave signal, the nearest harmonic will mix
with it and appear betwNeen DC and wao/2 where it can be conveniently viewed on
a spectrun analyzer. This spectrum contains a delta-function component and a
phase noise conTIRurm arising from the pulse to pulse jitter of the laser. The
relative intersity -,f the phase noise contribution can be shown to vary as the
square of t.he armonic number while the area under the phase noise spectrum
can be relatec to The r.rl.s. jitter. We performed this experiment by driving
the microstrip 1 it w tIh frequencies up to 16 GHz (n=199) from a microwave
synthesizer Thase} K'd to the laser mode-locker driver (Fig. 3). We found
good agreement with ihr, square law dependence and estimate the r.m.s. jitter
to be less than (:, us in a 33 ms integration time.

The e ctro-opti, sampling and harmonic mixing techniques discussed in
this paper prlvicid basis for non-invasive characterization of high speed
GaAs integrated c~ ,ui . in the time and frequency domains.
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Picosecond Pulse Generation in GaAIA Lasers at a Repetition Rate of 18GHz

K.Y. Lau %4/4

Ortel Corporation, 2015 W. Chestnut St.. Alhambra, Calif. 91803.

A. Yariv

California Institute of Technology, Pasadena, Calif. 91125.

Significant progress has been made recently in operating semiconductor laser

diodes at very high frequencies. The development of ultrafast semiconductor

laser diodes [I] have extended the -3dB direct modulation bandwidth to above

10GHz. It will be shown in this paper that in addition to being useful as optical

transmitters of microwave signals up to X-band frequencies, the recently

developed ultra-high speed laser can be used to generate picosecond pulses at a

frequency of 18GHz. The laser used is a window buried heterostructure laser on

semi-insulating substrate[1]. The presence of the window near the end facet

alleviates the problem of catastrophic damage and enable the laser to operate

at very high optical power densities. The tight optical and electrical confinement

along the length of the laser cavity (except at the window region) enables max-

imum interaction between the photon and electrons to take place and results in

a very high direct modulation bandwidth. The -3dB direct modulation bandwidth

of this device operating at 14mW is 12GHz. The intrinsic modulation response at

18GHz is approximately 13dB below the midband value. This loss in modulation

efficiency can be compensated by coupling the laser to an external cavity of the

*[ appropriate length. The external cavity is composed of a short length of stan-

dard graded index multimode fiber of 50 Am core diameter, with a high refrac-

tive index hemispherical lens attached to one end of the fiber to facilitate cou-

pling. The far end of a fiber is cleaved and is butted to a gold mirror. This

..-: . ,. ,-, ,.,?, ...-. . -,..... . . ., €,.-.... . ,-*,. , , . .
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induces a very sharp resonance in the modulation response of the laser. When

the laser is driven on resonance by a microwave source whose power output is

> 10dBm the optical modulation depth approaches unity and the optical

waveform becomes pulse-Like. Using an optical second harmonic generation

autocorrelator the optical pulse width is found to be l2ps(FWHM). This, in

effect, is active mode-locking of a laser diode at a repetition rate of 17.5GHz.

Referenem
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Picosecond Processes in Carrier Transport Theory*

D. K. Ferry

Center for Solid State Electronics Research
Arizona State University, Tempe, AZ 95287

Summary

High-electric-field transport has been studied for some three decades.

In recent years it has become of much more interest due to the advent of

semiconductor devices on the micrometer and submicrometer dimensional scale.

Theoretically, such hot-carrier transport has been discussed primarily in

terms of the Boltzmann equation. However, semiconductor transport in high

electric fields is a classical example of a far-from-equlibrium system. On

the short-time scales appropriate to the submicrometer dimensions, the

Boltzmann equation ceases to have general validity, and more exact

approaches have been sough'-.

In general, we are concerned with the evolution of the average velocity

and energy of the carrier ensemble in the presence of the high electric

field. Previous approaches tend to be centered on either solving the

Liouville equation or on developing appropriate generalized Langevin.-

equations for the macrovariables of interest, as replacements for the

Boltzmann equation. In either case retarded relaxation integrals are

encountered, and these in turn involve kernels which lead to the evaluation

'" i'i" ii ........""'. .." ............-. .. .....- "''".. ' ". .-- --. " --
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of a set of correlation functions. While these correlation functions do not

normally appear in in simpler formulations of transport, it has been

recognized fsr some time that parameters such as the differential mobility

and diffusion constant are related to these functions. However, these

correlation functions for high-field transport have been previously treated

only by Green's functions based upon the Boltzmann equation. Since these

same parameters are of considerable importance in evaluating transport and

noise oroperties of submicrometer devices, a more general derivation of

these correlation functions from first principles is possible.

As is known for other far-from-equilibrium systems, we show that the

transport parameters of interest, the differential mobility and diffusion

constant, can be readily obtained through a unique set of Green's functions

to which w- 'add proper knowledge of all relevant moments of the

nonequilibmrium statistical distribution (NESD) that are required. We can

aflsl , te-e differential mobility and the diffusion constant for an ensemble

of elotr-nc: :n the oresence of a steady, high electric field. These terms

are ,l'nod ir the high-temperature (classical) limit, although the

r v:. :cr-g .neral. In these sections we discuss the appropriate

,,;re .'";no,. n:- in ,- rol rvant initial values of the correlation

"unoti nw:. ,~r i intimately related to the distribution

S,,t th nonequilibrium density by

Zubr") , " ft', '  -wi, In "prii2h.9 The results ar, usnl to eva luat -

- sr .. ",. "k ov Iut ion equatioens for the ir <en'"

....t ~ v~~d~- ro, yri 1 show the role of memory effects and the

* S., ~rt,, , ,, : ,, e of Naval R(e,.;earh"
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Picosecond Time Resolved Photoemission Study of the lnP (110) Surface

J. Bokor. R. Haight, J. Stark, atd R. H. Storz
AT&T Bell Laboratones, Holmdel, NJ 07733

R. R. Freeman and P. H. Bucksbaum .
AT&T Bell Laboratories, Murray Hill, NJ 07974

Angle resolved ultraviolet photoemission spectroscopy (ARUPS) is a powerful and well
established tool for the study of bulk and surface electron states in solids. We report the first
demonstration of picosecond time-resolved ARUPS. The technique was used to study the
dynamics of electrons photoexcited by a 50 picosecond visible laser pulse on a cleaved InP
(110) surface.

On the (I10) surface of InP, an unoccupied surface state lies at an energy slightly above the
conduction band minimum (CBM).I During excitation of carriers into the bulk conduction
band, this surface state becomes populated and rapidly comes into equilibrium with the bulk.
Using time-resolved ARUPS. we have observed the transient population of this surface state,
located its energy minimum at F, the center of the surface Brillouin zone, and measured the
surface band dispersion along two surface symmetry directions.

Clean InP (110) surfaces, produced by cleavage in ultra-high vacuum, were excited by 50 psec
pulses of 532 nm laser radiation at a fluence level of 0.5 mJ/cm2. The excited surface was
probed by measunng the energy and angular distributions of electrons photoemitted by a 50
psec pulse of 118 nm (10.5 eV) laser harmonic radiation. A time-of-flight electron
spectrometer with energy resolution of 100 me', and angular resolution of :t2.5' was used.

Figure 1 shows the energy spectra for electrons emitted along the surface normal direction
obtained in this experiment. The zero of energy is chosen as the valence band maximum
(VBM). Figure 1(a) displays a spectrum for the unexcited material where the probe pulse
arrives at the sample before the pump pulse (t=-133 psec). When the pump and probe pulses
overlap in time as in Fig. 1(b), a new feature appears centered at + 1.3 eV. The insets in
Figs. I(b and c) show a magnified view of this feature. If the probe is delayed relative to the
pump by 266 psec the spectrum in Fig. I(c) is observed. Note that the 1.3 eV peak is
significantly reduced both in intensity and width. Finally, Fig. l(d) displays a spectrum
obtained with coincident pump and probe pulses following submonolaver coverage of the
surface with chemisorbed hydrogen. The -0.2 eV, -1 eV, and + 1.3 eV peaks have essentially
disappeared. Such sensitivit- to hydrogenation is a generally accepted signature of surface
states on semiconductor and metal surfaces. We assign the shoulder at -0.2 eV and the broad
peak centered at - I eV to occupied surface states. The 1.3 eV peak is attributed to a
normally unoccupied surface state.

The time dependence ot the 1.3 eX' signal is displayed in Fig. 2. The integrated intensity of the
1.3 eV signal is plotted as a function of relative time delay between the pump and probe
pulses. A nonexponential decay is observed with the intensity dropping to half maximum
within 100 psec. Since the surface state lies so close to the CBM (the band gap in InP is 1.35
eV), a quasi-equilibrium may be established between the surface and the bulk bands. Then
the data shown in Fig. 3 represents the time dependence of the bulk carrier density at the
surface. The expected evolution of the bulk plasma was calculated using a one-dimensional
model including the temporal and spatial dependence of the carrier photoexcitation rate,
radiative and Auger recombination. and ambipolar carner diffusion away from the surface.
The results of this calculation are shown as the solid line in Fig. 2. The fact that the surface
state signal follows the expected behavior of the bulk carrier density in the near-surface region
is taken as evidence that the surface state population is strongly coupled to the bulk plasma.

The insets in Fig. I show that the energy width of the surface state peak vanes with time. The
full width at half maximum (FWHM) drops from its maximum of 154 meV at t:0 to the
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instrumental limit of 105 me' by 260 psec. Broadening is only observed on the high energy
side of the peak. We attribute this result to bandfilling. With this interpretation, and
assuming equilibrium between the surface and bulk electrons, we can estimate the peak bulk
electron density as 7 x 101" cn-3

Information about the electron momentum distribution in the 1.3 eV surface state was * e
obtained by measuring the peak intensity as a function of electron exit angle. This data
combined wNith the peak width data has been used to obtain the energy dispersion of the
surface state (effective mass) near 1 along the two surface symmetr directions.

In summary, we have used picosecond time-resolved ARUPS to study the energy and
momenturn, of excited electrons on the InP (110) surface. A normally unoccupied surface state
was directl' observed to be populated via coupling to bulk photoexcited electrons.
Measurements of the angular distribution of photoemitted electrons and the enerp width of
the surface state peak show that the surface band minimu must lie at f, and allow a
determination of the energy dispersion (effective mass) along two surface symmetry directions.

References

J. van Laar, A. Huijser. and T. L. van Roov, J. Vac. Sci. Technol. 14, 894 (1977).
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ACOUSTIC PHONON GENERATION IN THE PICOSECOND DYNAMICS

OF DENSE ELECTRON-HOLE PLASMAS IN InGaAsP FILMS

Jay M. Wiesenfeld
AT&T Bell Laboratories

Crawford Hill Laboratory
Holmdel, New Jersey 07733

Semiconductor alloys of lnGaAsP are of great importance for the technology 5
3

,"

of optical communication. Relatively few experiments which measure the ultrafast

response of photoexcited carriers in these materials have been reported. In this

contribution, the dynamics of dense electron-hole plasmas in InGaAsP films subsequent

to ultrashort optical pulse excitation are examined by probing transient transmission

and reflection. Typical results are shown in Fig. 1. From the transmission data

one sees short-time bleaching or gain, long-time induced absorption, and regular

oscillations of the induced absorption. The oscillations are due to coherent acoustic

phonon generation subsequent to relaxation of the hot, photo-excited carriers, a

phenomonon that has been observed and described by Thomsen, et al, for films of

a-As 2 Ic 3 and cis-polyacetylene.[ 1 ] From the observation and analysis of the

oscillations for the In(;aAslP films, it is possible to deduce acoustic velocities and

acoustic deformation potentials for these materials.

Purmp an( probe experiments in transmission and reflection are performed

using 0.5 ps pulses at .625 jm from a cavity-dumped CPM laser. Pulse energies

lip to 2 nJ at a rate of 200 kliz are used. The samples are films of

In1 .70~( laj .30 A .i6 PO34 ( g~ ~lu.3 jim), In0 .5 8 Ga 0 .42As 0 .93Pl)0.07 (g '.55 im), InP,

and (4a.'s. thicknesses from 0.2 to 1.0 pim, grown by LIPE on a [100] InP surface,

and arc the sarme films used in semiconductor film lasers.2 ] I'xcitation densitie. .

are 1.5 mJ/cn2 or less, which implies transient carrier densities of up to 1.5 x 1)20

c -3.

Transient transmission and reflection drt a for a 0.2 1 .02 pil thick film of

In0 .71)(al).O30AsO.6f;1.34 are hown in Fig. 1. The oscillations seen in transmission

and reflection are out of phase. and have a period of 120 ps. The acoustic wave

generated is the standing wave with wavelength equal to twice the film thickness.

Hlence, the velocity of sound for propugntion in the 11 00] direction in ln( a :\sP (.

%1.3 kill) is nieasured to be 3.3 x 1(5 cm/s. For a 0.6 .06 pm thick filiii of this

miaterial, the oscillation perio( is 360 ps, yielding the sa me value for the velocit v

of sound. For a (;aAs film, thickness of 0.5 + 0.1 jra), the oscillation period is 185

ps, which \iclds a velo(ity of soirnd for 1101 propagation of 5.4 x 1 5 ('n5 s (literatnirec

value [31 is 4.7 x I()5 Tli/s).

i 7 . 7 : .'. . * . .. . .: % .'
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The fractional miodulation of transm-ission, AT/T. has been shown by Thomll en,

0 eCt al. to be proportional to the energy density deposited in tile "ample by tile pumnp
0.pulSe.[1 1 A plot of :r/T vs energy density for te02jmtikl~~l im i hw

i n Fig' 2. The slope is proportional to many' ma1terial paramieters, including the

acoustic deformation potential. Using valutes for thle other pjrranmetersj[1 thle aosi

d -om, -inptnta o ln(;a!slP (Ag %t1.3 ji) derived fromn thle data ini Ho. 2 is

8. 5 vV. This paramieter is iniportant in carrier-acoustic phononr scattering.

The slrort-t i ni and long-tirc transnr is ion and re flect ion dat a are rela ted

to tile rela xation (1\na uric> of dense, hot elect ron-hole plas mnas, and are also being

111 ( Hiopi~n. .1. Strait. X. \ arden\ . 11. J. Mas., J. Tlric., and .1. J1. Hlauser. Phyvs.
- Rev. Lett I. t 989 (198-1).

21 J. Stone. J. N1. i i ese cn feld.(1 A. ( i entai. TV. U . Da Ill en. M. A. I )uguay.
TI. Y. C han, and 1". \. ( 'aridi. Opt. Lett., 6, 5 34 (198 1)

* I1] .J. S. 11lackmiore. J. :\ppl. I~\s.53, 11-123 (1 982)

14 S. Adacii J. \p)pl. 5:\' 3 . 8775 (1982).
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*Fig. 1: Tirnrc-resolved trans mrission and Fig. 2: M agni trie of osc iihrt or\
r'Ificction chlant,-es for the 0.2 jam t ransmlission ch~in-es for the
fn(; VAr\' filmi. 0.2 kiur thick ln(;a \>l11 filml.
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CARRIER-CARRIER INTERACTTON AND PICOSECOND PHENOMENA IN POLAR SEMICONDUCTORS

P. Lugli

Dipartimento di Fisica, UniversitA di Modena, Modena, Italy

D. K. Ferry

Center for Solid State Electronics Research, A.S.U., Tempe, AZ, USA

The effect of carrier-carrier interaction in semiconductors becomes

important when high concentrations and short characteristic times are

reached. By going to submicron dimensions and picosecond resolutions

we are often in such situations. The details of energy and momentum

relaxation are then crucial and can be stongly affected by the coulombic

scattering among carriers and by the onset of collective phenomena.

We first present an analysis of the conditions under which plasma

effects can be of importance in polar semiconductors, through a study

nf the wave-vector and frequency dependent dielectric function. The

calculation includes both Landau and collisional damping. It is found

that, even under non-degenerate conditions, the excitation spectrum

presents peaks characteristic of plasma modes. As the concentration

in-rasos, the couplinc of plasmon and phonon modes drast i cal ly mcdi fi es

the transport properties of those materials.

An Ensemhlo Monte Carlo sim alnti n is then performod for n- iaA-, 'h1

-P oI,-ron- l c.r.'n -. nd o ec.t.ron-p 1-asmon interacti-on-. It i
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that the time evoluti-Pn of' the electron distributio n :nr frnm -in initial

I-i ke f u n c r i E3 rnc Iy mo d ify b y c oulIo mb ic s r --t r in . A Ma ixw.jeI a n

share is -)bta ire 7n e uch shorter rnan the charar* ori ot ic imes o- the

,-rhnonn in'crac V-c. Thu Ensemble Monte Carlo tcnqehsbeen also used

fr i ma ~nov~ i I r to the base of a FPlanar Duned Base trans istor.

A m~-~* C h',- 1f -eluctrnE wit'h in it ial -Yeroy EO i5i nj ected into a

17 -~~'u~fio1 rnco i iacncent ra, juni of col d eOct rons of 10 crt

snow)s that the add i t- i n or f- c-ind4 oplasmon interactions (sul id 11 lie)

*to the usual e-phonon and c-impurity scatterings(dashed line) further reduces

* the pon;siility of ballistic transpurt, both at room and nitrogen temperature.

Thev possibility that, a uniform electric field mT~ight improve this picture is

a)lso tnvf-stigated.

V vd(10,cm/s) n-GaAs Fig.l Average drift velocity

10-40Vc versus distance with (solid

E~m C.24 eV curve) and without (dashed

cu rve) o-c- and c-p 1 asmor;

5 77 K interactionn f',)r V

-3QQ K different tc' ovrao.
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x nm)

4J
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Sub-picosecond Raman Spectroscopy of Electron - LO Phonon Dynamics in GaAs

J.A. Kash, J.C. Tsang, and J. Hvam-
IBM Thomas J. Watson Research Center

Yorktown Heights, New York 10598

Highly excited ("hot") conduction band electrons in GaAs lose their energy
primarily by t e emission of zone center LO phonons'. The quantitative study of
this emission process requires the ability to measure the vibrational spectrum of
GaAs on a sub-picosecond time scale. We have combined a sync-pumped dye
laser with a filtered fiber optic pulse compressor to obtain spectrally clean 600
femtosecond pulses for wavelengths between 580 nm and 610 nm. A pump pulse
generates excited carriers and a weaker, delayed probe pulse measures the Raman
scattering from the phonons created by these carriers. Because the average probe
beam power is of the order of 1 milliwatt and has a spectral full width at half
maximum of about 30 cm-', the weak Raman scattered spectrum is detected by a
cooled, microchannel plate photomultiplier with a position sensitive resistive
anode. Changes of less than 10% from the equilibrium room temperature phonon -i

population can be observed using this system. Spectral shifts of the order of 10 77.7

cm - can be resolved.
As shown in figure 1, we observe that the non-equilibrium LO phonon

population rises in 2 psec. With an initial excess carrier energy of 700 meV the
phonon emission is a 19 phonon cascade here. Because of wavevector conserva-
tion. the Raman backscattering monitors only phonons near the middle of the
cascade. Thus, the time for a "hot" carrier to emit a single LO phonon is about
200 fsec. This is the first direct measure of the emission rate, although previous
work' at 3 psec time resolution has measured the 77K decay of these phonons to
be 7 psec.

In addition, since for the first time we report spectral shape as well as Raman
intensity, we can observe changes in the shape of the Raman emission with time.
As seen in figure 2, the spectrum shifts to a lower energy peak on a time scale of
2-4 psec. This shift results from electrons relaxing to the conduction band
minimum. As the electrons relax, their ability to screen LO phonons increases, so
the LO phonons become degenerate with the Raman forbidden TO phonons.

In conclusion, we have made the first direct measurements of both the phonon
emiss ion rate and the dynamics of the electron screening for optically excited
electrons in GaAs.

REFFRE{NCES
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Figure 1. Change in the room tempera- Figure 2. Anti-stokes Raman spectra at
ture LO phonon population in GaAs as several times after the pump pulse under
a function of time after the pump pulse. the same conditions as in figure 1. The
The laser wavelength in 589 rim pump spectra shown are difference spectra, as
pulse energy is 0.1 njoule, corresponding the background due to the 300K thermal
to a peak electron concentration of phonons has been subtracted.
about 3x 101 cm- . The solid curve is
the predicted response for a 2 psec rise
and a 2.5 psec decay time. The dashed
curve is the predicted response for an J"
infinitely fast rise time and a 2.5 psec
decay time
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Semiconductor Lasers
for Ultra High Speed Applications

Amnon Yariv
California Institute of Technology

Pasadena, California 91125

SUMMARY

There exist two important modes of modulation of

semiconductor lasers: (1) direct current sinusoidal or

pulse modulation, and (2) mode locking.

Direct modulation of GaAs/GaAlAs semiconductor lasers

was accomplished at rates exceeding 11 GHz (I )  The upper-

most limit for this modulation is conventionally taken as

the relaxation resonance frequency (I'2

_ W AP0  '

T
p

where A is the differential optical gain constant of the

optical mode, P is the steady state photon density at the
0

active region, and T is the photon lifetime.
p

The increase of wR requires separate optimization of A,

P of and T . We will describe the basic limitations to each

one of these parameters with special emphasis on recently

(3)
derived quantum mechanical expressions for the differential

gain parameter A in quantum well and in quantum wire lasers.

Direct current modulation of quaternary GaInAsP/InP

looms as an important application area. Initial results in

this area will be reviewed.

•-'A]



WDI-2

(4,5,6)Mode locking of semiconductor lasers can give

rise to subpicosecond optical pulses because of the large

available gain linewidths. Some of the recent experiments

in this area will be reviewed.

References:

1. K. Lau, Ch. Harder, and A. Yariv, Appl. Phys. Lett.,

44, 273 (1984).

2. K. Lau, N. Bar-Chaim, I. Ury and A. Yariv,

Appl. Phys. Lett., 43, (1983).

3. Y. Arakawa, K*Vahala and A. Yariv, submitted to Appl.

Phys. Lett.

4. P. T. Hol, L. A. Glasser, E. P. Ippen, and H. A. Haus,

Appl. Phys. Lett., 33, (1978).

5. J. P. van der Ziel, R. A. Logan, and R. M. Mikulyak,

Appl. Phys. Lett., 39, (1981).

6. J. C. AuYeung, and A. R. Johnston, Appi. Phys. Lett.,

40, (1982).

al



WD2-V' -V FW*.

Prpriso GaAIAs/GaAs Quantum Well Heterostructures

Xerx alo Alto 11esearch Ce.nter, Palo Alto, CA 94304

Th existenle ot the treteropif iction and the recent development of methods for growing
* ~a V;I etv Cf ~u u. .ltrathin 1.11-V semiconidutctor layers (v.ider* gap or narrower-gap, doped

or Li rido0ped. at Ipt or (jriidt (I) enables the . fabricatior of sophisticated q~inturn-well
hetoost Lidu rs I the paIst foew years, one of these tech niqULiS, metalorganic chemnical

vanpor deposition (M&CVI)). hns become incieasingly popular as a consequence of its ver-
satf&lity and eCoronlmy. I tie chemistry of M~vO-C\ID growth of 1ll-V COMPOUnds was pioneered
hV Manlasevit is eaCrly as 1I~r' however, it was DupLilS and Dapkus in 1977 who demon-

d that hir;h qulity' CaAIAs/GaAs heterostructure lasers can be grown by MO-CVD.
MO7-CV[) qrow%-th Is ain extremely complex combination of chemical reactions and mass

trzaler Li1t.I the basic mechanism of GaAs growth by combination of single trimethyl
ga dhiiL) t] mi ad amsie molecleIs to form GaAsls three methane molecules? is

* als'(11 c0 3 111i ad ore complex by the importance of intermediate reaction steps.
in irditi ri to LMiCriertat di r the basic physical processes, the impact of ma_-terials

(IL it S evlS araietrson device quality coritinLieS to be a Subject for careOful inves-
t!' i t;ori 1 '1( ailality Of high purity AsH. has been identified as particularly important.
F;'1 9C.r!1meri'ts, indicalte that variations in electroluminesccnt intensity by four orders of

~r~ni u~ccan be related to variability in the purity of the AsH, source, with the variation
b(eingo corel ilred wvith Cylinder preparation as opposed to AsH, source preparation.' One of
t!i, man en of this va"iability is the H,0 and 0, adsorbed and/or possibly chemnisorbed

on, the nri ilr 'alof an A-l I, cylinder due to variable surface preparation!" Purity of AsH 3
-,r)LirCeS I-, vitald, since desorption of the volatile As from the crystal itself requires that the
in. lb , ih t) >20r1oniporirs occur in an excess of AsH ,.' The critical molar ratio

* t~ulI )'(t' UOIMA) at w.,hich p- to n-type conversion occurs decreases with incrcasing
r~ ;iltefilur O!ure but increases wvith an increase of Al traction.- Also n1 1 varies by

t-V r r ;n ; of 01 magnitude (10 to 10gi cm-i as the growtfi temperature is increased
fi i 00 C to ri00"C. To miake matters even more confusing, about an order of
01 11( iie eIrv In p)hOtOl Liii nescent intensity is achieved if Ga,.AI ,As is grown at

o~~~~(, rjiIuo o CCC It is thereiore quite remarkable that significant advances in
(:0wc~. ir ~ei vr::ein s pite of an inadeQuC~ate understanding of the MO-CVD growth

I ho 11,in_ At M CN.(Il) oli de-vice research has perhaps been greatest in the growth of
* ~sI r in5 i&ir tlii .1 tI;[. o witS) IIiknesses less than -500 A, where the quantum
* si/C effer rk;

1 
iI tp) I )LiCi miclue proper ties.' 1 here a re two techniiiques

whic 11 luvi for tho gi Ir l 5i f SLi ch Li It iiiin layers. One techniqlue uses interrupted
* ~ ~ (f)0 kn~vl I it1 to- Yj 04SL1i re wells wvithi interfaces tfhat are smooth to less than 4± 1

niiloii1 i /ithoiignj n;ievitli raites of) 20U A/sec are used."1 The 0ther techniqlue u5s
In-v ~ ~ ~ ~ _) jJ -i)rtn i nrof3 /chg lwvlcities and aIn optimized reactor

lii 'In ' to lSti l "d ') tHie interruption of grovwth." To daite, MO-CVD has
* r r~ill T

1 1 Ii 'o trct~re(OWi I) lasers with both the lowest threshold
o- pr It 2 Ii n- iiil't Iouitput powers HmeaIsuredl for diode la.sers in the vis-hle and W

:0I p I r if 1-! '' 0W I I n xhibit long life even at cw orrtput powers of 100 111W."
It v ~ I/ill i ait~ r r )n ii n t) ra caIvity is; ni)one than three tirme", thalt of.-

p r 1 i5 le S no r~i trte ase. [y 11121maflly anlii crystal containing

%7.....................................
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a QWH, it is possible to change the shape- of a quantum well from an initially square well
of GaAs to a rounded shallower AIGaAs well, thus shifting the confined particle electrons
and hole states to higher energy. This is a convenient method for adjusting the wave-
length of a QWH laser without significantly increasing the lasing threshold. I" Perhaps the

* mot £vifln capbility of QWH's is the variation in energy gap which can be obtained
either lat1erally or veruerilly via impurity-induced disordering (n or p).'''14 This process has
produced a smple form of buried heterostructure laser' /_ and suggests how QWH's and

* impurity Wncecd disordering can serve as the basis for fabricating new forms of
:rorag,)od elcet- rical and optoelectronic circuits.

J o cX,,to. MO,-CVD has not produced high-electron mobility transistor (HfIMIT) structures
* - that are of the same quality as those grown by moleculear beam epilaxy (MBE).",

Iowevcr, tis is niot thought to be a fundamental limitation of the MO-CVD process.
Progress ha-s been macde on inelastic and resonant tunneling in AlAs/GaAs

*heter(_ 'rlrCtUro'! These structures might be extremely promising as a high speed
tUnnekr cj trainsistor. ~

Comidering that only about five years have elapsed in which extensive research has
beon pv_ rfor mod on MO-CVD, the achievements thus far are remarkable, and the future
potenthial is excellent.
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An InGaAsP 1.55 pm Mode-Locked Laser With a Single-Mode Fiber Output
G.Eisenstein S.K.Korotky R.S.Tucker U.Koren

R.M.Jopson L.W.Stulz J.J. Veselka K.L.Hall

AT&T AT&T Bell Laboratories
Crawford Hill Laboratory ' '-

Holmdel, New Jersey 07733

\ctlvc mode-locking of semiconductor lasers' is a useful technique for the generation of short,high
peak-poxcr optical pulses. For communication purposes, these pulse trains may subsequently be
enc,,dcd b\ a modulator, which can either be integrated with the mode-locked laser 2 or external and
coupled to it using an optical fiber ' . The external cavity of mode-locked lasers can take various
torms ' . In all reported schemes however, the output is from a cleaved laser chip facet.Coupling to
an o.utput fiber consequently incurrs a coupling loss of 3-5dB. In this paper we describe the first
modc-locked 1.55 pm InGaAsP-optical -fiber composite-cavity laser with a single-mode fiber
output Ihe laser output is coupled to a fiber of the same type as used for the cavity with a coupling
loss of Icss than 0.5dB.

Ihc ln(iaAsP-optical fiber-composite-cavity laser is shown schematically in Fig.1. It consists of a %
1.55 p t I('B(" laser chip with both facet reflectivities modified by dielectric coatings, and a 5cm
singlc-mode fiber resonator. Mirror R, is a multilayer dielectric mirror with reflectivity
R[>0.9.Facet R, is antireflection coated with a residual reflectivity 2X10 - 4 . Mirror R 3 is a
partiall\ reflecting multilaver dielectric mirror with reflectivity R 3-0.6 measured through the fiber
using an optical time domain reflectometer. The laser cavity is formed between mirrors R, and R 3
%%ith tire output taken from the partially transparent mirror R 3. The cavity fiber is spliced to a
connectori/ed output fiber using a silicon V grooved chip.The splice loss is 0.1-0.2dB.

Mode-locking is achieved by superimposing a dc bias and an ac current at the fundamental
resonance frequency (I.97GHz) or a harmonic. Fig.2a shows a generated pulse train at the second
harmonic (1.)4(6tz). Fig.2b shows a single pulse obtained at the fundamental frequency, measured
wxith a fast ln(ia\s PIN detector and a sampling oscilloscope. The displayed pulse width 36.6ps
I WIIM is indistinguishable from the detection system impulse response. The pulse width is
cesimatcd to be l-5ps FWHM based on the detector response and the spectral width. Second
harmonic generation measurements are in progress to accurately determine the pulse width. These
are the shortest reported pulses from an InGaAsP mode-locked laser•These lasers operate in the
I3- 55 pnm %avelength range where no suitable saturable absorber has been demonstrated and all
mode- locking experiments rely on active mode-locking. Typical pulses obtained in the past were in
the 2(fps [t-WIM range. The drastic decrease in the pulse width reported here is assumed to be due
to the high 0 cavityN and due to the fast response of the TCBC laser chip. The average output
poscr of these pulses is measured to be 0.9mW resulting in a pulse peak power larger than 100mW
dch red in the )wpul xngle mode fiher

R II l\( FS

I R S Iuckcr. ( Is entc n, I.P Kmnino\%. Flect. Lett.19 No.14 1983 and references therein.
" 1 i cnitciii. R.N I uker. I.P.Kaninox, T.P.Lec, C.A.Burrus. Elect. Lctt.20 No. 15 1984.
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FAST MULTIPLE QUANTUM WELL ABSORBER FOR MODE LOCKING OF
SEMICONDUCTOR LASERS

Y. Siiberberq and P. W. Smith.
Bell Communications Research, Inc.,

Holmdel, N. J. 07733

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

Holmdel, N. J. 07733

A. C. Gossard and W. Wiecrmann,
AT&T Bell Laboratories,
Murray Hill, N. J. 07974

SUMMARY

Passive mode lockina of a semiconductor laser usinq GaAs/GaAlAs
multiple quantum well TY) material as a saturable absorber has
been reported recently The MQW material exhibits clear
and easily-saturable room-temperature exciton absorption
resonances. The mode locked laser produces a train of pulses as
short as 1.6 psec. Such lasers are potentially important
sources for future hiah-capacity optical communications systems.

In order to obtain aood mode locking, the relaxation time of the
absorber must be faster than that of the gain. The relaxation
time,? the gain in a GaAs diode was recently measured to be 375
psec . The absorption recovery tjie is normally governed
by the carrier recombination time For our MQW samples
this time was measured to be 30 nsec. For mode locking, we
previously focussed the light tightly on the MQW sample so that
the absorption recovery was instead determined by carrier
diffusion out of the excited region. This method, however,
requires operatinq the laser lust above threshold, since at high
light powers the absorber becomes totally bleached. It would be
much better to find a method to speed up the intrinsic carrier
recombination time. Ion bombardment is well known to reduce
carrier lifetimes but can also severely perturb the bandedqe
absorption.

In this paper we report on our studies of proton bombardment of

MQN samples. This proves to be a practical method of obtaininq a
fast-respondin saturable absorber without destroying the
exciton resonances. We have bombarded MQW samples with various
doses of 200 KeV protons, and measured the absorption relaxation
times. spectra, and saturation characteristics. Our results are
summarised in Table I and in Fia 1. We have found that the

relaxation time can be reduced to ,150 psec before a significant
chance is observed in the absorption spectrum or the nonlinear
properties of the absorber. The bombardment dosacge at which
excitons dissapear acrrees with a simple probabilistic model.

I' . ' " " , - , i , .- " • .- .- .-. : : i: < ii i i -. .. '-, . ]
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Table I

Absorption Recovery time for proton-bombarded MQW Samples

Dose (protons/cm-% Recovery Time (psec)

Annealed Unannealed

10 530

102 )3000 450
101 560 200

l 1-150 (27)
10 (33) (\'10)

The times in brackets are for samples for which the nonlinear
absorption was appreciably reduced I

FIO.l Nonlinear
2 spectra for
cc annealed samples.

4
~I .... o ,

z I A.-

840 B50 860

WAVELENGTH (nm)

132
Samples bombarded with 10 protons/cm were used as a
saturable absorber in an external cavitv mode locked diode
laser. Stable mode locked operation was obtained over a wide
range of operating parameters. Ne will describe details of this
laser operation.

The usefulness of fast-response MQW material is bv no means

limited to mode locking applications. This material will find

wide use for fast, low power optical devices for a variety of
signal-processing applications.
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SUPPRESSION OF TIMING AND ENERGY FLUCTUATIONS IN A MODELOCKED SEMICONDUCTOR LASER BY Cw-INJECTION

Finn Mengel

Telecommunications Research Laboratory, Borups Alle 43, 2200 Copenhagen Denmark

Chinlon Lin* and Niels Gade

Electromagnetics Institute, Technical University of Denmark, 2200 Lyngby, Denmark

introduction: Active modelocking of semiconductor diode lasers in an external cavity by

syntronous electrical pumping is a simple and attractive method for generation of short optical

pulses in the wavelength region of interest for optical colulunication []. Up to now, most

i ttention has been paid to the time-averaged behaviour of pulse width, optical spectrum and

tir.;e-bandwidth product, but pulse intensity fluctuations are of mn]ur importance in communica-

tions and logic applications. In this paper we investigate this type of .oise and demonstrate

partial suppression by cw injection locking. Similar results have previously been demon-

sttated in a CO laser [2].

Experiment: A Hitachi 850 nm CSP laser with AR-coating giving residual reflectivity in the

0.5-l% range was placed in an external cavity with an objective and a uratinq and svnchronously

pumped by a I GHz pulse train and dc bias. A similar uncoated laser was used as master oscil-

lator with injected power around -10 - -20 dBm. The master frequency could be current tuned

to any of a large number of slave laser external cavity modes, but extreme frequency stability

was required to maintain locking to any particular mode. The optical signal was detected with

a Si Pin-diode of 8 GlHz bandwidth or an intensity correlation interferometer.

Results and discussion: in fig. 1, we show a single sweep of 100 pulses on a I GHz real-time

oscilloscore (a) without and (b) with injection. Pulse energy fluctuations are clearly de-

creased by injection, while the pulse width increases fr(m 30 ps to 37 ps. Quantitative noise

measurements can be obtained by baseband spectral analysis [3]. In figs. 2 and 3 we show the

spectra around the first and seventn harmonic of the pulse repetition frequency (a) without

and (b) with injection. m observe a symmetric low-pass noise band of bandwidth -20 MHz in-

cre!asing with harmonic number n approximately as n
2
, indicating pure pulse timing litter [3].

The broadband structure with a bandwidth of -100 MHz becomes progressively more asymmetric with

increasin. harmonic nuMnber In contrast to the results of ref. 3 for Argon and dye lasers.

Thl-I C An he explained by a correlation between timing jitter of characteristic frequency f and

.it r I:y tlu, tuat ions of freguency 2f. Both types of noise are decreased by -10 d13 by injection.

F, iy-Perojt spectra suojgest a stabilisation of the optical spectrum as well.

The noiso is caused by spontaneous emission [41 and enhanced by the internal (imperfectly

AR--inot.ed) laser mirror and the amplitude/phase coupling [5]. The above mentioned noise corre-

it:- ar. IS qualitatively expected, since pulses arriving at the laser too early and too late

will both experience less gain than perfectly timed pulses. Preliminary results of a numerical

s~.ui iti. n of an extendced version of the laser rate equations [5] support this explanation. "-

-1 shows cal -ul.,ted pulses from a coated, detuned laser. Numsrical studi .s of th,. .ffect

AP-,ting quality, detuning and injection Isekin; are in progress.

Permanent ad.ress: AT&T Bell Laboratries, l 1 del NJ 0.' USA.
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Cross Modulation of Light in SI Semiconductor Materials
In the presence of Electric fields

L. M. Walpita, W. S. C. Chang, H. H. Wieder and T. Van Eck
Department of Electrical Engineering and Computer Sciences,

Mail Code C-014
University of California, San Diego

La Jolla, California 92093

Various optical devices are cu[pe ly being investigated for optical
signal processing and communicationL In this paper we will discuss cross
modulation of light observed in semiconductor materials. This effect could
potentially be used to obtain optical logic functions such as AND gate.

In the initial experiments, we have used an undoped Semi-Insulating (SI)
GaAs sample of which both sides are polished. The sample has InSnO and Al
electrodes deposited on both surfaces and a window is left in the Al electrode
for light to pass through. A beam of light from a LED source (10 mwatts)
centered at X = 0.88 urm is transmitted through a 400 micron thick sample
(figure 1). Some part of the LED light spectrum fell below the absorption
edge (figure 2). When a voltage pulse of few tens of 0 sec. duration at 300
volts (corresponding to an electric field of 7.5kV/cm) is applied to the
InSnO/Al electrodes the light is absorbed as shown in figure 3. 9ir data
agrees only roughly with other available electro-absorption data [  because
the LED has an extended spectral width and because the absorption edge of SI
GaAs is not very abrupt.

Whe another optical pulse (x = 8850 A + 100 4) of maximum intensity I
kwatt/cm is transmitted through the sample, the absorption of the LED light
is instantaneously reduced. Within the limits of the switching speed
established by the RC time constant of the pulse voltage circuit, the cross
modulation effect is instantaneous. Thus, we have demonstrated a new optical
cross modulation effect. This effect performs essentially the function of an
optical 'AND' gate. Our explanation of the cross modulation is that the photo
current generated by the laser pulse has reduced the electric field and the
electro-absorption in the SI GaAs. A change of absorption due to photo
current of an incident ght beam, was also described in relation to the
self electro-optic effect [  (SEED).

A number of side effects have also been observed. After the optical
pulse the electro-absorption continues to increase beyond what is possible
with a simple voltage pulse alone (figure 4). A non-linear dependence of the
cross modulation on the lser pulse intensity is also observed; at optical
pulse intensity 8 watt/cm and voltage 200v, a 7°/o absorption modulation is
seen, while at 600 watt/cm 2 for the same voltage only 20% absorption
modulation is seen. These effects are now being investigated further.

It is interesting to note that the optical powe needed for cross
modulation may be reduced to less than 200 mwatts/cm for 10f modulation if
the LED is replaced by a laser source. This effect might also be applied to
obtain two dimensional spatial light modulation at a speed much faster than
the liquid crystal devices. The effect might be present in the vicinity of
the bandgaps of other direct semiconductors. Thi s work i s supported in part
by AFOSR grant 80-0157.

• *- * -. .. * . -"
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AN ULTRAFAST DIFFUSION-DRIVEN DETECTOR

A.G. Kostenbauder and A.E. Siegman
Edward L. Ginzton Laboratory

Stanford University
Stanford, California 94305

Numerous fast semiconductor photodetectors have been developed in the last decade.
These devices have used short carrier lifetimes1' 2 or large electric fields and small
geometries3 '4 to produce fast impulse responses. In contrast to these methods ,(J mak-
ing fast photodetectors, we propose a photovoltaic device whose operating speed is due

to diffusion of carriers. This device involves interfering light waves to form a grating of
plotoexcited carriers with a sinKi spatial dependence. Such a distribution will decay
with a time constant of (DK 2 ', where D is the material's diffusion constant. Because
K can be made very large, the response time can be extremely short. If the grating is
formed in silicon, for example, with optical beams of 1 pm wavelength having antiparallel

S/k-vectors, then the diffusion-driven detector response tme will be 0.25 psec.

As shown in Fig. 1. the diffusion-driven detector consists of a thin slab of semicond:c-
* tor, illuminated through both the front and back faces, and with (transparent) electrodes

n these, two sides. Solving the well known equations of motion' for the carrier densities

:- and the generated current yields a relatively large quantum efficiency of about (K) - 2 ,

and an impulse response proportional to exp(-D,,K 2 t) where D, = 2DDp/(D,, + Dp).

The achievement of 0.25 picosecond impulse responses in a conventional photodiode
wou1ld r,,quire the use of a very thin depleted region (to reduce the transit time to 0.25

pse') which would in turn require a very small collecting area (<. 0.25 ,am2 ) in order that
the PC time constant associated with the device not exceed 0.25 psec. On the other hand,

the ,tiff,2.,io)n-drivn detector's transit time is the time required for a carrier to move from a
peak to) a trough (which is the (DK 2 )- 1 time constant), h bile the capacitance depends only

upon th, electrode spacing. Thus. one can fix the (le'cting area and K (thus determining
Hhe transit rime) and vary ( to achieve the required capacitance. This existence of two . "

ch:arateristic lengths (K and C) allows the prevyio),sly impossible combination of large
,olletrig area and high speed.

W,. ha%,- perfornmed a low frequency test of a dilf,,sion-driven detector. Instead of

*i>tng ,orr,'rprpIg~ating ,opt'al beatyls to pritue the nonuniform carrier density, we
have,' iid:..,. (;3l>si:n beai f tiuseil to 50 pmi. Th, (quations )f m)tion used to derive the

*',xt1 -I),Iwt) imipul>e response also prediet that a gap that is illuminated with an intensity.
that varies linearlY froni [I at ,ne ,1vetrode to . at the other will produce current with

a quantum efficicncv of q = (2(D, - DP)r/_')((It - I,/I, + 1)), where r is the carrier
lifetine anid ( is the gap width. This behavior has been observed, and both the magnitude
and h:ip, of the current versus relative posit ion curve is in good agreement with theorv-

*(,,', Flig. 2). We will also present experimentallv measured impulse responses on both .
,l i'on atn ini phosp h ide structures. The silicon devices have 100 paii gaps and are

confiuhrod in th, geonmetry shown in Fig. 1, while the indium phosphide devices have both
*e'ctr odtes )in np face of the crystal with a 25 pim gap. These experiments em plo)wed the

,,u1put 4 a mod-locked \V, laser and show the K-2 dependence of the response time.

--".-.° -
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Optoelectronic Modulation of Millimeter-Waves in a Silicon-on-Sapphire
Waveguide

Chi. H. Lee, Aileen M. Yurek, M. G. Li, E. Chauchard and R. Fischers,
Department of Electrical Engineering, University of Maryland,
College Park, MD 20742

Optiqally controlled millimeter-wave devices such as IMPATT (I) and
TRAPATT(2) diode have been reported. Millimeter-wave phase shifter uti-

*! lizing an electronically injected elect on-hole plasma in a semiconductor
waveguide has also been demonstrated. 3 None of these devices, however,
can operate at high speed. In our laboratory, we have developed a family
of optoelectronic devices at the millimeter-wave spectral region which have
picosecond speed capability.(4, 5) For example, the gating of millimeter-
wave pulse with vasriable pulse duration ranging from a few nanoseconds to
subnanoseconds has been reported. When the device is operated a phase
shifter, the phase shift as large as 15000/cm has been observed.[ 5) In
these previous studies, we have found that, in general, the carrier dif-

* fusion will cause large loss and less phase shift for the millimeter-waves.
In this work, we will report on the performance of dielectric waveguide
made of silicon-on-sapphire (SOS). It is expected that the optically
induced electron-hole plasma will be confined in a thin layer of epi-
taxially grown silicon and thus a high density but thin thickness plasma
layer may be maintained, resulting in a small dynamic insertion loss.

Millimeter-waves at 100 GHz have a period of 10 picoseconds.
Therefore it is most convenient to manipulate the millimeter-wave signal by *

picosecond optoelectronic technique. Conversely, the performance of many
picosecond electronic devices may be studied by picosecond optoelectroni-
cally modulated millimeter-wave signal. With the advent of picosecond
optoelectronic technique, it is also anticipated that the individual
electric pulse in a CW millimeter-wave pulse train may be manipulated with
a high repetition rate. It is believed that such an electrical waveform
may be quite suitable to study the response of a high speed electronic
device.

Fig. 1 shows the modulation of a CW millimeter-wave signal by a fre-
quency doubled mode-locked pulse train from a Nd:YAG laser. The experimen-
tal arrangemjnt for generating such a signal has been discussed
elsewhere. 5]  It is clear that the millimeter-wave output (b) mimicking
the incident optical pulse train (a). The rapid decay of the millimeter-
wave is attributed to the short lifetime of free carriers in the silicon
expitaxial layer. Strong surface recombination at the silicon-air and
silicon-sapphire interfaces may also contribute to the rapid decay. Using
a single picosecond optical pulse, we can also generate a single
millimeter-wave pulse. The temperal profile of such a millimeter-wave
pulse has to be measured by the standard excite-and-probe technique. We
have also used the ultrashort millimeter-wave pulse thus generated to probe
the behavior of diffusion of the optically induced carriers in a bulk sili-
con waveguide. The results of these studies will be presented at the
meeting.

This work was supported in part hy the U.S. Army Research Office, the
Air Force Office of Scientific Research and the National cience Foundation.
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a b

Fig. 1. Millimeter-wave pulse train (b) mimicking the incident optical
pulse train (a) from a frequency doubled mode-locked Nd:YAG laser.
The waveguide material is silicon on sapphire and the oscilloscope
sweep speed is 5 ns per division. The traces shown here ar, .
bandwidth limited by the oscilloscope.
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Kilovolt Seqluential Vavel'orrn ('eneration by
Picosecond OptoVeectronic SWit[Ching in Silicon

C. S. C'hang. M. J. M~ice. Chilli. Lee
1n iversity of' Maryland, Department o1 Electrical Enigineering: College Park, MD)

A. Rosen, II. )ax'is
H ( A L aboratories: P~rinlcetoni, N.J

Several ni et hods t'or genierating the HP F sequential waveform have beeni d enion-
*St rated 1,1. Ar frozen wave generator, a simplle and elf'icient d evice 2, ()nsists of' mnany

seginen ts (it transmnission lines con ne('ted by switches in series. Wheni the switches in) the(
- ~~generator arc closed simnult an eonusly. t he( "frozen wVa ves" wvh ich liare charged inside the

., 'gmiilts or' the transmission line will he brought ouit sequentially. NWe have demon01-

>t rtediiit le pevius ape :<thegeneration, using three iflico switches. of* a sequI('I-
* i:1l putlse (-)I tw' :111d1 one halt cycles (250) MN~l) having a rise I inie in p~icosecondls region.
*I lowever. due to the hlmited high voltage handling cap~abilitv of' the switches, lprevious

* tperimniit>, 1.2.3 arc* not easilHY extenided to the kilovolt applications.

liii rins. ie silicon has been Nvidelv used asi an tilt rafast opto('let ronic switch l'or pro-
(Iucinig iiainoseeoiill squamre p)11 Ie. H owevecr, due to ( lie t hermnal runaway phe'nomenon , sili-

(-it s.Witch withl a 2mmi gap cainot maintaiin :t D)U ' ias in which the voltage across tie(

a is hiighie r than several h und red volts .1,5.. Two met hods were stiggest~edl to overcome
thIiis P robfeni. 'Phe first met hod is to use at) DC bias with H ie switches at cryog-enic t ('lt-

ItermtuIrt' W. The seconud method0( is to use a pulse bias 4.,71. In this report, we describe

lie extelision of' the prex' ous work 3' byN using at pulse bials.

Te sclihemlt ic dIialrain of' t ie f'rozen w ave genc(rat or used in t~h is work is shown ill
.I It is conmposedl of t hree elta rgevl line segmrents andI three silicon switches. 'Ilfie

* thlree ctmigel linle segmIlents have b'iig~tls of' 12cm. -12cm, andl 21cm, which (correspond to)
puilse, leuigt is ofI 2its, 211s, md Ins, respect ively . Thiiis f'rozen wave generator prodfuces t

()I'e o two and one hall, cV('li's with it aperiod(A ofIns. Three switches of' 0.2511iurn galp
wvere f,:1bi'(atc'( ont a silitoti wal'er, anid the l(t'were sv' paIated( to p~revenit cou pling bet weent
tiemt. The sitrf':iees of' thle swilt tlis were (coat ed with Ii thIiin layer of ('lear epoxy 'I'llo'

pliket ptower suplyl iisedl in tisl- experiment ('onsists ()d' a fhigh voltagL e t'arigt'ltapetr
at krvt ron switc'hi alid :iit htut t ratusfo)rrr. T[he transfdormer ha~s two) -st'('ttirv witid-

iisto tpr(l('t' ho(tl fi Positive i11id nletive ItolaitY outputs.1 A t\'pi('al out Pitt pilst' lha
ai -- 2iittis tuls' b'tugt ii ;tid( 5iN) t 31000 volts arttlit ii(fe:at 50 ohmls load fonr ho p l:tri-

'lii' siuig' jt pilst' is, Lgt'uittd 'rorii a uode-loeked Nd:A(.v laser oit

11 1ueeg (M J .ill]u. Tl'lis pics)-eeon)ld exeitti on] pilse is -switcfo'd out f'roi a puitIt r:iiti
I , v ai Pfek IelI1 A l0ltc't odle mnd at v: na ble delayii unit were' entplo)Yed to sv nchron ize

lic' ehmartgiwug mis'id thlie simiglt' hast'r pl

A Ii tIIx ii i~t of1 s 1w itIch wa:s I I'vto'(l witI It a cluart'd lint' cmNtLuirat- The. '[It'hlse cliarg-

ing0 v' tlt:tg' w~svaried up1 to 13001 volts, atid a sqiart' puilsi 'I ill) to 600 volts wa~s

, li urud Thci iuppe'r limlit (d ulmaliglt vldtagt' wa;s tt'it:1t ivt'lv 'lit-u It I, e'xceed thle
~utf':cu'br':tduwi tluet tie fildu ()F 5>. Iiv (-ii rt'prtt'd lrt'vio islx 7

. .. . . . . . .. ..... ..
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to activate the three switches simultaneously. The resultant output waveform, as shown
in Fig. 2, ha~is a pulse of two and one half cycles (250 MHz), a period of 4ns, and a peak-
to.- peak aniplit udc ()f 850 volts.

In otcliisioti. this experiment demonstrates a method to generate a kilovolt
,cquient ial wvavetorin pulse by applying a pulse bias to the frozen wave generator. This
111t hodl couilH possibly generate sequential wa' form pulse of even higher voltage if the
surface-, of the sihicon -witches were properly protected. However, the pulse bia-s which
aipplied to the silicon swktches can extend only to the intrinsic bulk breakdown region( E

* 3x 10 v cm)I. Theref~ore, it appears that in future experiments a design utt ilizin g wider
~:lsin the switches will be necessary for the generation of a mu Itik ilovolt sequentkail

xv :tveformnple
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Observation of Modulation Speed Enhancement
and Phase Noise Reduction

by Detuned Loading in a Coupled-Cavity Semiconductor Laser

Kerry Vahala, Joel Paslaski, Amnon Yariv
128-95 California Institute of Technology

Pasadena, CA 91125

Kam Lau and Nadav Bar Chaim
Ortel Corporation

Alhambra, CA

An understanding of the modulation dynamics and phase noise
properties of semiconductor lasers will be essential in certain
applications of these devices. In this regard two important
quantities are the relaxation oscillation frequency wR which sets
the useful direct modulation bandwidth of the device P1], and the
field spectrum linewidth Aw which gives a direct measure of phase
noise in single mode operation [2,3]. In another paper two of us
proposed a new method for control of the above properties [4].
This method, referred to as "detuned loading," was shown in that
paper to simultaneously cause enhancement of modulation speed and
reduction of phase noise (linewidth). In general, the method
involves the introduction of a frequency dependent loss mechanism
in the spectral proximity of the lasing frequency and relies upon
the unique physics involved in lasing action in a semiconductor
(a detuned gain spectrum leading to amplitude-phase coupling in
the lasing field [2,3]). In this paper we present the first
experimental observations of the detuned loading effect in semi-
conductor lasers. Specifically. we have observed enhancement of
the modulation response with simultaneous reduction of linewidth
resulting from application and control of detuned loading.

Our measurement employed a coupled-cavity device consisting n
of an active cavity loaded by a passive cavity. The active cavity
was formed by an Ortel large optical cavity buried hetero-
structure GaAs/GaAlAs injection laser which lased predominantly
in one mode and had a threshod current of 25.6 mA. The passive
cavity was formed by one facet of the laser and a small gold
coated concave mirror. Piezoelectric micropositioners controlled
the mirror's position relative to the laser for tuning purposes.

In such a system modulation corner frequency and linewidth
are given by [4], 2(

WR 9 ffp/reff

+ AwST(1+a2) (2)

where the conventional uncoupled expressions are simply those
without the "eff" subscripts. In these expressions P is the
photon density and AwST is the modified Schawlow-Townes line-
width. g', a, and r are the derivative of gain with respect to
carrier density, the linewidth enhancement factor and the
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unpumped photon lifetime of the lasing mode. Coupling to the
passive resonator leads to the effective quantities in (1) and '1-
(2) which depend on tuning of the passive resonator.

In Fig. 2 we show the measured modulation response for this
device taken at extremes of a tuning range for a single mode
(i.e. A range of passive cavity length over which the combined
resonator system will not mode jump). The output powers (and
hence the photon densities) at these points were the same (Output
Power = I mW). The effective photon lifetimes are also equal in
the two cases as these are endpoints of a tuning range. The
conclusion is that the observed corner frequency variation from
1.6 GHz to 2.5 GHz results solely from variation of the effective
differential gain (seu (.')) with tuning, that is from the detuned
loading effect. In this case the net variation in g' f was
roughly 2X. Linewidth measuremer*s will also be presented which
show variation of aeff with tuning.

This work was supported by the NSF. ITT Corporation, and
Rockwell International.
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Hot Electron Diffusion in Superlattices

J. Ho and R. 0. Grondin
Center for Solid State Electronic Research

College of Engineering and Applied Sciences
Arizona State University
Tempe, Arizona 85287

Hot electron diffusion in a lateral surface superlattice (LSSL) is
studied by the Monte Carlo technique. The LSSL is a surface oriented, two-
dimensional superlattice made frum GaAIAs and GaAs. Reich et al [I] have
previously developed a Monte Carlo model of hot electron transport in a
LSSL. They found that the structure should exhibit a negative differential
mobility due to the onset of Bloch oscillations. This negative differential
mobility may make this structure useful as a millimeter- • ve negative
resistance oscillator. To properly model its application as such an
oscillator one needs to know the value of the electron diffusion coefficient
is a function of field. We have used the Reich model and estimated values
of the diffusion coefficient by Monte Carlo techniques.

The diffusion coefficient was estimated by observing an ensemble of
eloctrons whose velocity and position are allowed to evolve in time. The
ensemble is initially located at an arbitrary location in real space with
initial k-vectors chosen in accordance with an equilibrium Maxwellian. The
rnsnmblo is then allowed to evolve through an initial transient into a
sti ady state condition, which is identified by waiting for the drift
v',iocity to settle. The ensemble electrons arc all then assigned a real
space position of zero, without altering their k-vector values. We then
observed the spread of this initial delta function into an approximately
LeAssion shape and estimated the diffusion coefficient by using the standard
t-im,-of-flight estimate

2>
<Ax2>

where D is the diffusion coefficient, Ax is the deviation of an electron
real space position from the mean value, and t is the time of flight. The

2

diffusion coefficient fell from a value of 130 cm/s at 1 kV/cm, to a vailue

of 7 cm2/s at 25 kV/cm. Statistical variance of order of 1011 is associated
with these values.

........



WE7-2

Reich et al [1- had demonstrated that the velocity fluctuation auto-
correlation function exhibited significant peaks at periods corresponding to
Sqtat of the Bloch oscillation. We also estimated this function, found
identical peaks and integrated the function. This integral should also
produce the diffusion coefficient [2]. This result of this integration
differed by approximately 5% from the above values, a difference which we
attribute to both numerical error and to the use of a finite integrattion Z
time instead of the infinite integration time found in the formal theory.
We lttribute the low values of diffusion coefficient found at the high
fields to the existence of Bloch oscillations. This can be visualized

eiher as a consequence of their producing a damped, oscillatory
a ut oorrcl, tion function, or to the fact that an electron moves in a
.....odI fashion in real soace when it undergoes a Bloch oscillation.

I. R. K. Reich, R. 0. Grondin and D. K. Ferry, Physical Rev. B 27
3433 (1983)

-J. P. Nougier in Nonlinear Transport in Semiconductors, ed.

by D. K. Ferry, C. Jacoboni and J. R. Barker, Plenum, New York,
1 >D5
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Time-Resolved Photoluminescence of GaAs/AG a1 __As
Quantum Well Structures Grown by

Metal-Organic Chemical Vapor Deposition

J.E Fouquiet and A.E. Siegman
Edward L Ginzton Laboratory

St anfordI UnINersity, Stanfordl, (-a. 91,305

RZD. lBurnham and~ T.L. Paoli
Xerox Pilo Alto I? search C'enter

IPalo Alto, C'a. 0430.1

I rv jis st tl ie, of time-resolved photoluiminescence from CaAs/Al,(GaI_,As quian-

u ni %%ell triwetiires have examinedI mat erial grown byN molecuilar beamn epit axy. The

* L:rge (I illereitees in behavilor seen b~y different groups suiggests a strong dlependence
ifr carrier ii 'narnics on material. U ntil now, time-resolvedI photolumninescence from

* ( alA>/Alr( 1IA .:\ (pl1ant tim wells grown Iy mietal-organic chemical v-apor deposition
I \1( VI) h:1s ni t bwen ext ensiv-elv studied. We report data taken at temperatures from

1I K to 300K a id( o ver a w i(I range of excitation (lensities on \1O(Yl ) piatturn well st ruc-

u rc-, [The'e sIN tnitires were grownt in a reactor which rouitinely, pro(ltices high qu alitNv laser

111:11er iA. a ni ex Ii iit high pin t limilnescence ofiinN troom t emperat tire.

Th e p In to(lti l nescence (Ie(cay rat(' at roomtn temlperat Ure dependIs st rongly on excit a-
t)ii n eI rp il ensit v in the imIlt iple (plantimi well sample (Figu re 2). The increase in

dIecay t in Niiiwt i increasing, ex (itat ii n is ch arac teristic or carriers falfling in to a liited

*nun iber of Imrps. Hyan et I). III h ave ob~serNve(l sulch trapping at 1K in a iodti lat ion-
* I qwIp (,a.\s/AIi a -. As i ant iml well sample grown b~y miolecul~ar beamn (pit axy . The

reoi It- presentedl hiere are imte uinustia:l . howo'eer, in thItat tens-, of nanose-ondIs after the
est ah I ill et of an initial slow ex po nent ial deocay rate, the rate increases. This behavior
has jin 1w ien prey ii tisly ob~served( in bulk G;aAs or ( a.\s/AI,( a1 -. As qu ant tim wells, to

* the best (if iir k ni wledIge. Th is increase in d ecav- rate miay b~e d tie to carriers falling
* ou~~mt i f t rap I v th relat ivelv short Ii fet imes. ( onsid en ng the en h a rce(l role of interfaces

- ~~in pIlant urln well structures, these trap~s mnay 1)1' ssi N~e l wih the interfaces. .At the
lo(west t enipera t ires. excit on ( n arnics becomle Imrportatt. initial (Icvsare faster than

ri i( im t erupera t ure and1( are followedl byN slower (I ecaNys. (oialo ftnershe~

1) phot ohltin iescence at dlifferent temlierattires and] excitatin leesallows ev-aluatlonl if the

* relative roles tif imnleciiLar free carrier re~coninawtion. (xciton recoilitnation, anlo trap)-

iii tn t rti p!re t i me- rces(l phod olu mm nescen ce uising pho( toin energies ab~ove( (617

nin) andi( below (752 nin) the b~arrier bandgap of aI single (piantimi well vecrifies that the
* ~~ci I ,tlectn n t ime int o the well from the cont intl im is iit slow, confirmning otir ex pectat ions.

* luriiitherniore, the simtillar trapp~ing behavilor at both waeegh ugssthat Ihe trapping
* mci-l a ii 'iii i not a shIallo-w n-tvp in tiptirit v in the Il(a -A arriers.
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Time-integrated (Figs 1 and 3) and time-resolved (Figs 2 and 4) photolumines-
cence fram the MuiltiPlk quantum well structure. Excitation wavelength is 647
nm. Resolution is 4 rim. The relative scaling of the different time-resolved

* photoluninescence Curves is only approximate, but each curve follows a con-
sisLent scale.
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PICXISECND PULSE PRODUCTION EN THE SEMICONDUCTOR

LASER WITH A 100 GHz RPETITION RATE

J. McLean. D. Haas, J. Wurl, and
T. K. Gustafsont

Department of Electrical Engineering and Computer Sciences
and the Electronics Research Laboratory

University of California. Berkeley. CA 94720 U.S.A.

(415)642-3139

Wu pr c ri t he possibility of optical hi)11 O ii t,,t iii ,f t hu semiconductor

lase r i )produce mode locked pulses. By the external injection of two laser lines

we show that it is possible to modulate the index of refraction of GaAs through

X (3) strongly enough to produce pulses in thu 5 Lo 10 psee range. The main i,~

advantage or this techrique is that repetition rates as high as 100 Cl lz should be

If th(- differunc' frequency of the two external laser lines has a wavelength

equal to the semiconductor laser cavi y length, then conditions will be favorable

for the creation of mode locked pulses with a repetition rate equal to the

roundtrip cavity time, The analysis is as follows:-

Wc sLart. Witt) I.the basic puls;e propagatiori equa l .ti 1

2

__(fl(_)-k_) + k, ]-J(t,z) =ki P P,,(,t)[ -2- 2k0  ..

be re ''NI.(z,t) is the nonlinear polarization arnpliitde corresponding to the

diff'errce rre-querncies or the two ext rrntal lasers. PNI (z.t) then has the form

Cj2-0o t P V[(z ,tC S( J ( 1)l ): 2 ,.,,(- -os( ,,m,, -(P¢,-fl 2)))N,Vt.) (2)
2 2k o 0 .0.-[

where 0, is proportional to the t.hird order nornelirir sus'epthbility ind the

ijected laser iiitfnsity. O(w0 ) is the rmodal propigatior0 constint for thc s, rn-

iconduclor laser frequency ro Ph and P, are thoe' if hr two ijrt t ,i0d lasers

(assurmed refl), and idm is the rmodulat.ion freqLr.ney - .

tResearch sponsored by the National Science t ..indation Grant ECS-
831aa8
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After several standard approximations we find the solutions of eq. (1) to be

of the form

2 ' v (31)

with"

1i/4( )I/12 %3)

axid

S 4 (g 7'2)2k 1- 

4

}Fere al is the linear loss ard ay is the peak gain due to stirnulated ermission. - _

1
( 7'2 )- is the half-width gain. The (ki - 1) term is the velocity ,nisrratch wh

V

shifts the pulses from the peak of the modulating wave. Also 7= t - z/v, arid o-

= gain cotTiient op dotl.errnires t he pulse width and the chi rp.

To obtain numerical estimates of the output pulse characteristics we chose

a real X(3) = 1.4 X 10-'9 (m/v)2 which appears pessimistic. For 5 psec pulses

Eqs. (3) predicts that roughly 5 watts CW power would provide sufficient modula-

tion. At the present time we are experimentally investigating this approach to

ultra-high repetition rate optical pulse generation while numerically calculating

pulse characteristics as a function velocity of mismatch, X 3 ) . and more detailed

representations of the gain medium. More generally the theoretical approach,

which generalizes the Kuizinga Siegman theory2 to semiconductor laser pulse

generation, can be used to discuss pulse generation through a complex X(3 )

either by parametric or fully-nonlinear self-excitation. The possibility and limi-

tations upon the latter will be discussed. It is anticipated that by utilizing vari-

ous techniques to enhance the nonlinearity such modulation schemes will be

useful for a wide range of optical signal processing devices.
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Measurements of the Temperature and Intensity Dependence
of Transient Photoconductivity in InP:Fe*

D. R. Kania and R. J. Bartlett
Physics Division

Los Alamos National Laboratory
Los Alamos, New Mexico 87545 .

and

R. B. Hammond and D. L. Smith
Electronics Division

Los Alamos National Laboratory
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Recent applications of photoconductors as radiation detectors' has
increased interest in a deeper understanding of the operation of these
devices and the physical processes affecting their operation. Specifically,
a more complete understanding of transient recombination of photoproduced
carriers in intrinsic semiconductors is required. Here, we report our
measurements of the temperature and photon intensity dependence of transient
photoconductivity in Irn:Fe photoconductors.

Samples of InP:Fe were mounted in 50 Ohm striplines. The detectors had
impulse response FWHM of 150 - 1500 ps as measured with a 90 ps laser diode
pulse. A semiconductor diode laser pulser was configured to produce
I - 1000 ns long light pulses (830 nm) with rise and fall times of less than
one nanosecond. The maximum power was 5 mW and was constant ± 3% for the
duration of the pulse. The light intensity exciting the detector was
controlled with neutral density filters. The detectors were mounted in a
cryogenic cooler and the temperature was varied from 77 to 300 K.

Tests performed on room temperature detectors show nonlinearities in
the photoresponse. We have developed a theoretical model which predicts the
observed nonlinear phenomena. The model includes trapping and recombination

of electrons and holes at Fe sites in the InP crystal. In an attempt to
further our understanding of these phenomena and to facilitate the produc-
tion of linear devices, we have measured the intensity and time dependence
of photoconductivity as a function of the temperature in InP:Fe photo-
conductors. This information yields an indirect measurement of the
temperature dependence of the electron and hole recombination rates and
indicates how the linearity of these photoconductors may be increased for
detector apolications.

*Work performed under auspices USDOE.

'D. R. Kania, et. al., Appl. Phys. Lett. 44(11), 1059 (1984).
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Pulse Waveform Standards for Electro-Optic Sampling

Dr. Robert A. Lawton

Electromagnetic Fields Division
National Bureau of Standards

325 Broadway
Boulder, Colorado 80303

Summary

The maturing of the semiconductor industry has resulted in the need for
faster methods for the measurement of pulse waveforms. The measurement re-
quirements are fast outstripping the capability of integrated circuit testers.
The fastest commercial sampling oscilloscope today has a step response tran-
sition duration (risetime) of 20 picoseconds. For the measurement of single
transients, available time resolution is somewhat less. This time resolution
is not adequate to support the measurement of the faster semiconductor devices
being developed such as gallium arsenide logic gates whose switching times
have been estimated to be 12 picoseconds (1). Measurement of such transitions
requires a significant advance in measurement technology. A prime candidate
for making the required quantum leap in time measurement resolution is the
electro-optic sampler (2). This sampler has a demonstrated resolution of 0.4
picoseconds and theoretical resolution limit much shorter than that.

Much work remains to be done, however, to make this an accurate means of
measurinq pulse parameters. An important step in that direction would be the
development of a reference waveform standard by means of which the pulse wave-
form measurement accuracy of the Automatic Pulse Measurement System (3) (APMS)
at the National Bureau of Standards (NBS) can be applied to the electro-optic
sampler. This talk will trace the development of reference waveform standards
at NBS and will describe measurements made with electro-optic samplers on

* three commercial pulse generators to test their viability as reference wave-
" furm standards for electro-optics. These generators are: a tunnel diode; a

complete pulse generator with variable pulse duration, repetition rate etc.;
and a comb generator.

1. G. Nuzillat, "GaAs IC Technology for Ultra-High Speed Digital systems",
URSI XXIst General Assembly digest and lecture, Florence, Italy, Aug. 28 -

Sept. 5, 1984, p. 496.

2. J.A. Valdmanis, G. Mourou, and C.W. Gabel, "Subpicosecond Electrical
Sampling" Proceedings of the SPIE, Vol. 439, Aug. 24-26, 1983, p. 142.

3. N.'). Nahman, J.R. Andrews, W.L. Gans, M.E. Guillaume, R.A. Lawton, A.R.
Ondrejka and M. Young, "Application of Time Domain Methods to Microwave
Measurements", IEE Proc., Vol. 127, Pt. H, No. 2, April, 1980, p.

1



,P . .C<" , - % ,. ,. . _r - r .,,.r , 's •1u .-- - r ,. - -- v " ~ '.i- . . .. -' . . . . . . , . . .-

WE12-1

, -. °.

Monte Carlo Investigation of Hot Carriers Generated by Subpicosecond Laser

Pulses in Schottky Barrier Diodes

M.A. Osman, U. Ravaioli and D.K. Ferry

Center for Solid State Electronics Research
Arizona State University
Tempe, Arizona 85287

.he self-consistent Ensemble Monte Carlo (E.M.C.) method is used to study
the dynamics of carriers generated by subpicosecond laser pulses in a
Silicon n+/n/metal submicron Schottky diode. The E.M.C. model for the
Schottky diode is the same presented in [1]. In this model the Poisson's
equation is solved using an accurate collocation method [2], which gives a
very precise solution for the electric field E on the ohmic contact
boundary. This allows us to determine he current injected through the
ohmic contact using the relation J=n p E(O) , where p is the low fiel-

+00
mobility in an n contact region. This is justified if the width of the n
region is at least a few Debye lengths, so that we can consider the carriers
at the ohmic contact boundary to be in equilibrium with the lattice. In - -

this way we can model the depletion of carriers and fully account for the
non charge neutral behavior of the Schottky barrier diode, keeping track of
the carriers exiting the device and allocating the ones which are not
reinjected on the metal side.

Tunnelling current from the semiconductor to the metal is included by a
WKB approach as in [1], with an improved formulation of the tunnelling
probability, which takes into account nonparabolicity and the effect of
finite bandgap.

The photoexcitation of carriers is made by simulating a laser pulse with
subpicosecond duration. For Silicon the useful wavelengths which we can
investigate span between 0.5 and 1.2 pm [3].

The excess energy of the photoexcited electrons has been evaluated
including nonparabolicity of the conduction band, and the dependence on
whether the generated hole is light or heavy. In the random excitation
procoss of our model we therefore take into account the generation
probability of light and heavy holes which, for Silicon, is found to be
respectively 16% and 8L1% . Parabolic, spherical valence bands are
considered to compute the excess energy of the photogenerated holes.

In our approach we neglect the energy spread due to the phonons, so that
the transition between valence and conduction band is treated as a direct
one. This is justified for our purposes since the excess energy of the
generated carriers is much greater than the phonon energy. Moreover, we
have to consider that soon after generation the carriers relax to the bottom
of the conduction band by emitting succ~jssive optical phonons, und during
this particular process the equilibrium statre of the crystal latticC is
i,,sically unaltered.

.-.. -..........-.... 
..*.



WE12-2

1sin t're F...simulation for the carrier dynamic3, we do not have to
*mak:c any cair-Plified assumption on the electron transport [3] to estimate

t tr _ t ra:i221It t ime acroas the device, since all the scattering and nonilinear
* >rl%9 e~f Cets are naturally included in the E.M.C . model. Carrier-

irir irnter z, . u n ,e n ergy- ga p narrowi ng and state f il Ii ng ef fects 3 [,
n~ iv at high excitation and/or doping levels are neglected in

e t!nAr of holes will also be included in our results. Energy
nun olerecomhination car also be considered. However,

~o 3'm 1A submicron diode, the recombination rate across the
V I r ot, ~Obe very small, for the doping levels in our model, and

7 tr ~A J r~gletedin the present approach.

* .4.a i c Ly the Army Research Office and the Office of' Naval Research

il U. iiavaloli and D.K. Ferry: "Monte Carlo simulation of
r, :-iiri _ruon devices" , to be published in Proceedings of' VLSI

i c t, ' ureice P alaj Alto, 19811.

avx _ i i Lugli, M. Osman and D.K. Ferry: "Advantages of
r m- nnA li er f ini te di f ferences in one-dimens ional Monte

i i:T. -ri of' subni cron dev ices" , II Conf erence on Numeri cal
v~eBooston, 19824, to be published.

.......,..,fln .. .rs., N .yV. Frederi ck and D L. Franzen:
a ~~: I-:t ai (,con yetectnrs for the mneoac reme-nt a

P ., od in ga o3 f S 1)1F, Pi iA

3r)WI t: rd 5 tut, fI i~i t
. .. I r i r r a, iia n n Lty a . ;i v . H
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Hertzian Dipole Measurements with InP and InGaAs Photoconductors

P. M. Downey and J. R. Karin
AT&T Bell Laboratories
Hclmdel, N. J. 07733

Research in the use of radiation damaged semiconductors[ 1] as picosecond photoconducting
pulse generator and sampling gates has led to the identification of material systems where
subpicosecond t 'j free carrier relaxation times along with reasonably high free carrier
mobilities and material dark resistivities can be realized. However, on such small time scales
these optoelectronic autoc9 elation measurements are limited by the spj~y of response of
the microstrip circuits usedi . I A recently described measurement scheme L overcomes such
circuit limitations to the response speed by utilizing picosecond photoconductors as radiating
and receiving dipole antennas. In such Hertzian dipole experiments no transmission line
structures are used to couple the electrical pulse generator to the sampling gate; instead, the
picosecond electromagnetic pulse from the pulse generator is radiated freely through a bulk
dielectric medium to the receiving photoconductor, which acts as a picosecond sampling gate.
This results in a high pass coupling scheme, as opposed to the low pass transfer
characteristics of microstrip interconnections.

In this paper we will discuss and compare Hertzian dipole measurements of the picosecond
photoresponse in radiation damaged InP and InGaAs photocondi tors in two different
configurations: the back-to-back geometry described previously t ' 1, and a face-to-face'

geometry. For our measurements in the back-to-back geometry, the photoconductors were
separated by two 250 micron thick semi-insulating InP substrates (E,= 12) sandwiching an Al
foil aperture. In the face-to-face geometry, the photoconductors were spaced -7 mm apart
on opposite sides of an Al foil aperture (diameter - 1 mm). The aperture limits the field of
view of the receiving photoconductor and serves as a high pass filter on the radiated field
from the pulse generating photoconductor.

The results obtained from correlating the photoresponse of two 3He' bombarded InP
photoconductors in the face-to-face geometry are shown in Fig. 1. The correlation trace has
a FWHM of 1.7 ps and a 10-90 percent risetime of 1.8 ps on the reflection-free (left) side.
This risetime can be attributed primarily to the rapid decay of the photoresponse in the
receiving photoconductor. The rapid decay on the right hand side of the correlation trace,
however, cannot be directly attributed to the speed of response of the pulse generator. This
is graphically demonstrated in Fig. 2, which shows a Hertzian dipole measurement obtained
with the same setup and sampling gate as for Fig. 1 but with a Be bombarded InGaAs
photoconductor as the pulse generator. Although Fig, 2 indicates a decay time for the
radiated pulse of several picoseconds, simultaneous sampling oscilloscope measurF ents of
the IrGaAs photoconductive response exhibited a l/e decay time of 400 ps t '1 . This
discrepancy between the speed of response of the pulse generator as determined by Hertzian
dipole measurements and by sampling oscilloscope measurements can be attributed to the
high pass transfer characteristics of the aperture. We conclude then that the aperture makes
a major contribution to the speed of the Hertzian dipole measurements.
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I-th.\-- Fig. 1 Correlated photoresponse of two ion
Z It+r) bombarded InP photoconductors, configured

in a face-to-face geometry as illustrated in the
dc BIASED inset. The plotted curve shows the average
-nP current through the receiving dipole (upper

-t4OTOCONDUCTr0 right) vs. relative delay in the optical

M excitation of the two photoconductors. The
transmitting (dc biased) and receiving

- j photionductorslreceived radiation doses of
4x10 and lxl0 'He-/cm2 respectively.

TIME DELAY, r

SFig. 2 Correlated photoresponse observed
I 

Z

|.." with the same setup used for Fig. 1 except that
the transmitting dipole is now a radiation

2'.damaged InGaAs photoconductor
L2,Oph

characterized by a free carrier lifetime of 400
ps.

TIME DELAY, T
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Modeling of Picosecond-Pulse Propagation

in Silicon Integrated-Circuits

K. W. Goossen

Electrical Engineering Department, Princeton University, Princeton, NJ 08544

R. B. Hammond

Electronics Division, Los Alamos National Laboratory, Los Alamos, NM 87545

We have made theoretical time-domain analyses of the dispersion and loss

of both square-wave and exponential pulses on microstrip transmission line

interconnections on silicon integrated-circuit substrates. Geometric

dispersion and conductor linewidth, as well as losses from conductor

resistance, conductor skin effect, and substrate conductance are considered

over the frequency range from 100 MHz to 100 GHz. Results ihow the enormous

significance of the substrate losses, and demonstrate the need for substrate

resistivities >10 Si-cm for high performance circuits. The results also

show the effects of geometric dispersion for frequencies above 10 GHz (which

increase with decreasing linewidth), the transition from the hIgh-frequency

quasi-TEM regime to the "slow-wave" regime, and the unimportance of conductor

skin-effect losses for frequencies up to 100 GHz. Qualitatively similar

phenomena are seen for Al, W, and WSi lines. The differences in
2

resistivity of these materials do not significantly alter their pulse

propagation properties. Surprisingly, however, slow-wave velocity is

increased for either increasing conductor resistivity, decreasing conductor

linewidth, or both. Poly-Si, with its significantly greater loss, shows

qualitatively different frequency-dependent behavior. High phase velocity and

high loss can coexist in poly-Si lines.

We present model calculations of picosecond pulse propagation for various

conductor linewidths and conductor materials on 10 and 100 Q-cm silicon

subst rates.

or

I1
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Femtosecond nonlinearities of

standard transparent optical glasses

J. Etchepare, 1. Thomazeau, G. Grillon, A. Migus and A. Antonetti

Laboratoire d'Optique Appliqufe. Ecole Polytechnique. ENSTA. 91120-Palaiseau

Several standard silicate glasses have been shown to present
(3) 

- 14  1

large third order susceptibilities ( (3)10 esu) . We report here

kinetics of induced anisotropies resolved on a femtosecond time scale.

For all the studied glasses, we find responses always limited by the pul-

sewidth which implies that the processes involved are of electronic ori-

gin. A correlation is verified between the nonlinearities and the linear

indices of refraction and spectral dispersion.

The technique of measurement is based on the optical Kerr effect.

Gigawatt peak power pulses of 100 fs. FWHM at 620 nm are used for excita-

tion; the probe pulse wavelength is selected at a specific value from a

continuum of light. The several materials investigated are readily avai-

lable optical glasses from Schott, Corning France and Hoya industries;

they all are transparent in the whole visible wavelength range.

For binary lead silicate glasses, the nonlinearity increases with

*. lead concentration; lead is present in glass as cation network modifier

and its nonlinear character is fully explained by the high polarizability

of Pb 2+ions. Other glasses, with more complex and not well known exact

composition, have been studied. We report results on TiO 2 doped glasses

showing that for equivalent content in modifier ion, those media are more

efficient nonlinear materials than lead glasses. We attribute this effect

to the known high nonlinearities of TiO 2."

As a comparison, we present in a last step kinetics of color

glasses which have been shown to exhibit third order nonlinearities of

-91n esu.

---- " . -.- --.. -
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We have detected in these glasses a two step process an ins-

tantaneous one, and an other one, most efficient, and characterized by

a relaxation time in the range of several tens of picoseconds.

1. I. Thomazeau, J. Etchepare, G. Grillon and A. Migus

Submitted for publication

2. R.K. Jain and R.C. Lind,

J. Opt. Soc. Am. 73, 647 ( 1983 )"
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Picosecond Integrated Optics

R. C. Alferness, S. K. Korotky, G. Eisenstein, R. S. Tucker
AT&T Bell Laboratories
Crawford Hill Laboratory

Holmdel, NJ 07733

We review the principles, current status, and potential appl icat ions of
high-speed TtILiNbO optical waveguide switch/modulators as well as the use
of such devices as intracvity elements for semiconductor laser mode locking.
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A Study of Exciton and Carrier Dynamics and a Demonstration
of One-Picosecond Optical NOR Gate Operation of a GaAs-AIGaAs Device

N. Peyghambarian, H. M. Gibbs and J. L. Jewell*
Optical Sciences Center

University of Arizona
Tucson, AZ 85721

A. Migus and A. Antonetti
Laboratoire d'Optique Applique'

Ecole Polytechnique-EN STA
F-91120 Palaiseau, France

D. Hulin and A. Mysyrowicz
Group de physique des solids

Ecole Normale superieure
2 Place Jussieu, F-75005

Paris, France

We report the first time-resolved observation of a GaAs-AIGaAs multiple-quantum-well
(MQW) optical NOR gate. The :- 1-ps speed of this room-temperature nonlinear etalon is the
fastest for such a low-power optical logic device. About 100-fj/1sn2 energy per unit area was
used for the logic operation.

The device consists of alternating layers of 152-A GaAs and 104-A AIGaAs ( 1.5 M total
GaAs thickness) grown by molecular beam epitaxy on a GaAs substrate. The substrate was
etched away and the remaining flake sandwiched between two dielectric coated glass slides with

90% reflectivities. The amplified output of a cw mode-locked ring dye laser' (pulses of
100-fs duration at 620 nm) was divided into two parts, each focused on a 2-cm-long water cell to --

generate white-light-continuum pulses (also of - 100-fs duration). One of the continuum pulses
was used as a broad-band probe; and a narrow-band interference filter was inserted in the second
continuum beam to generate a pump beam with frequency above the band gap of GaAs
(wavelength = 760 nm). The pump frequency was below the band gap of AIGaAs, so only GaAs
layers were excited. The probe beam was focused to a 50 to 100 iim spot. The pump beam
overlapped the probe and was focused to a much larger spot. The focal spot was magnified by a
factor of 40, and a 200-i-n pinhole was scanned across this image to probe small areas of the
device (effective sample size 2 5 urn). The probe light was detected either by a combination of
optical multichannel analyzer, spectrometer, and photodiode array or by a single photodiode and
spectrometer.

The origin of the optical nonlinearity in our device is the presence of an exciton resonance
below the band gap of GaAs at room temperature. The device is adjusted in the absence of the
pump beam such that one of the Fabry-Perot transmission peaks is on the low-frequency side of
the exciton resonance. The pump beam creates carriers, screening the Coulomb interaction
between electron and hole in the exciton orbit and causing saturation M the exciton absorption.
If the device is originally transmitting, the application of the pump shifts the Fabry-Perot peak
away from the laser wavelength causing the transmission to decrease. This is the physical
mechanism for the operation of our optical NOR gate.

*Presently at Ar&T Bell Laboratories, Holmdel, NJ 07733
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Dynamical measurements of exciton screening either by injecting carriers or additional
excitons give information about the saturation time of the exciton resonance, its recovery time,
dissociation time of excitons into free carriers and the formation time of excitons from free
carriers. The exciton screening in MQW samples is instantaneous within the resolution of the
measuring system of 150 fs. Since the index change occurs as fast as the exciton saturates, the
speed of the optical gate should be limited by the cavity buildup time of (2nL/((1-R)c) = 300 fs
(assuming an effective mirror reflectivity of 0.6 from the measured finesse of = 6). However,
the data suggest' that the shift of the Fabry-Perot peak lasts for < 3 ps. This sluggishness in the
response might be attributed to the induced absorption occurring on the tail of the exciton
resonance. The measurements of the exciton dynamics suggest that this absorption lasts for a
few picoseconds. The index change due to the induced absorption might partially cancel that
caused by the exciton saturation until the induced absorption decreases. In fact, the next Fabry-
Perot order at about 200 A longer wavelength, where the exciton absorption has dropped
considerably, shows a faster response of - 1 ps. (The NOR-gate contrast for this transmission
peak was poor because of its greater detuning from the exciton resonance.)

In conclusion, we have performed measurements of exciton and carrier dynamics and
demonstrated for the first time = 1-ps operation of an optical NOR gate using a GaAs-A LGaAs
nonlirear etalon at room temperature and a femtosecond laser system. These measurement show
that an etalon peak can be shifted in = 1 ps. The NOR gate contrast is only - 2.5 because our
probe pulses are shorter than the cavity response time of the etalon, but we have observed
recently a contrast of more than 4 to 1 in a similar device with less than 3 PJ of energy incident.
The measured speed of this gate also suggests that similar MQW bistable switches should have the
same switch-on times (the fastest measured switch-on time previously reported for a bistable
device is detector-limited 200ps2). An array of such devices might allow parallel logic operations
and may also be used as an all-optical addressable spatial light modulator.

The Arizona portion of this research has been supported by grants from NSF, AFOSR, ARO and
NATO 882/83. The authors would like to thank A. C. Gossard and W. Wiegmann for the MQW
crystals.
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22-GHz Bandwidth InGaAs/InP PIN Photodiodes ,

by

J. E. Bowers*, C. A. Burrus** and R. S. Tucker"

Holmdel* and Crawford Hill** Laboratories

AT&T Bell Laboratories

Holmdel, NJ 07733

Fast GaAs Schottky photodetectors for visible and near-infrared applications have been

demonstrated [1], and high-speed PIN structures using InGaAs/InP for the emerging lightwave

communications wavelengths (1.3 -1.6 jim) have been reported [2,3]. We describe here the

fabrication and characterization of an improved InGaAs/InP PIN photodiode with a measured 3 dB

bandwidth of 22 GHz.

The structure of the improved detector (Fig. l(a)) is similar to detectors described

previously [2]. It is a 25-pLm diameter mesa utilizing a 2-pLm thick layer of zinc-diffused

-P InGaAs on a 1.5- pkm thick layer of n-InGaAs grown on a (100) n-InP substrate. The structure is

back-illuminated, and a 25-pLm diameter wire contact is epoxied to the top of the metalized mesa.

The capacitance of the junction at -10 V bias is about 0.05 pF. A commercial package for microwave

detectors (HP 3330C) was modified to accept the back-illuminated detectors. The biasing circuit is

shown in Fig. 1 (b).

The frequency response of the detectors was determined by illuminating the diode with a

100-Mliz train of 10-ps (FWttM) pulses at 1.5-jim wavelength (from a mode-locked color-center
laser [4]) and measuring the rolloff with a spectrum analyzer connected directly to the detector

package (Fig. 1l)). The result is shown in Fig. 2 for optical pulses with a peak power of 10 mW.

The response rolls off by just 3 dB at 22 GHz. Using the measured pulsewidth of 10 ps, we calculate

that 2 dB of the rolloff is probably due to the finite frequency content of the laser source. This was

confirmed by observing the degradation in the measured frequency response which accompanied a

slight detuning of the laser. Three detectors from this wafer were measured and all had -3 dB

frequencies in excess of 21 Gltz. The -3 dB frequency did not decrease when the optical beam was

laterally misaligned or defocused. The frequency response did degrade for peak optical powers

greater than 20 mW. The bias dependence of the -3 dB frequency is shown in Fig. 3. The response

to constant at 22 GIlz from 10 to 20 V.

¢ . - .-. . . . - . ,. . -,. . - - ? . . ... - .. -. i- . .
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The improved frequency response (22 GIz versus 12 GHz [2]) is due to (1) shorter hole

and electron transit times resulting from the thinner (1.5 p~m) n-layer in this detector, (2) lower

doping in the n-layer, and (3) improved packaging. .,

We wish to thank L. F. Mollenauer for allowing us to use the color-center laser, S.

Lorimer and A. Dentai for providing LPE wafers, and J. C. Campbell, S. K. Korotky, and D. M.

Bloom for useful discussions.
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ULTRAFAST TRAVELING-WAVE LIGHT MODULATORS
WITH REDUCED VELOCITY MISMATCH

Masayuki IZUTSU, Hiroshi HAGA, and Tadasi SUETA

Faculty of Engineering Science, Osaka University
Toyonaka, Osaka 560, Japan

For the high-speed and wideband operation, the traveling-wave structure has
been developed for guided-wave modulators. Applying the asymmetric stripline
as electrodes, the frequency response of the LiNbO3 waveguide modulators has
been smoothed over. The operation bandwidth has been expanded up to 18 Gpz[l]
and a temporal pulse waveform less than 50 ps created by the modulator has
already been observed by the streak camera[2].

The bandwidth of the traveling-wave modulator is inversely proportional to the
" velocity difference of light and modulating waves[3]. For a LiNbO waveguide

modulator with the coplanar parallel strip electrode, the guided lightwave
travels two times faster than the modulating microwave, so that the 3dB band-
width becomes 6.6 GHz (for 1 cm long electrode) which is three times broader
than that of the conventional lumped type modulator of the same size.

To realize wider bandwidth or faster time response, it is important to reduce
the velocity mismatch between light and modulating waves. If the velocity of
the modulating microwave can be increased about 15 %, nearly 50 % broadening of
the bandwidth is expected for the LiNbO3 traveling-wave modulator.

For the reduction of velocity mismatch, several methods have already been
proposed to modify the electrode structure[4-6]. These can be grouped into two
types. in the first type, discontinuities along with the electrode are intro-
duced periodically to readjust the phase relation between two waves which
changes during their propagation. The discontinuities yields an unevenness of
the frequency response which resu ts to the complicated time response of the
modulator. The second type uses a modified electrode cross section. A material
of low dielectric constant is placed close proximity to the electrodes to
decrease the effective refractive index for the microwave.

:'e have sans ildered to use the double-layer substrate as shown in Fig. 1. The
wavegulcie is in a thin layer of the high index crystal of which thickness d is
in the same order to the electrode separation s. A portion of the modulating
field energy s reads to the low index bottom layer to decrease the effective
index. The calculated effective index for the modulating wave versus the
thickness of the high index film is also shown in the figure.

- The change of the effective index was measured experimentally. The LiNbO3 film
was supported by the glass block which had a ong hole just below the optical
and microwave waveguides on the crystal film so that the underlayer was air.
For a 28 .m wide electrode of 13 tm separation on a 20 ,m thick crystal film,
measured characteristic impedance of the line was between 45 and 55 ohms. The
effective indey for, the microwave was measured as 3.2 which implys the band-
width is doubled. Modulation experiment is remained for the future work.

- "." •- ° . . ,. • .
< Ai : ? .: ):% % . < - ' .- , - -< - . -i: -',, . ,: , ; .. i' :<,, < - : ,. "
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Fig. 2 shows our another model to reduce the velocity mismatch. A ol low

. channel is made on the crystal surface between two electrodes, so that the

*.. effective index for the microwave is decreased. At the same time, unwanted .-

coupling of the light beams in parallel waveguides is suppressed by the groove .

to achieve high extinction ratio with shortened waveguide separation. 
The

device employs the Mach-Zehender interferometer structure with the asymmetric

X junction as the output coupler to have two complementary outputs.

The 6 im wide groove was made by the reactive ion etching to 4.3 ,.m deep.

Aluminium electrode 3 ;im thick was fabricated with 80 nm SiO buffer layer.

The 6 mm long strip electrode was 20 ijm wide and 10 om apart prom the ground

plane. The effective index for the microwave decreased to 3.8 from the

conventional value 4.2, so that the 20 % broadening of the bandwidth is

expected. The half-wave voltage was 3 V for 630 nm TM mode and the extinction

ratio was -18 dB. The modulation frequency response at the microwave region

is also shown in Fig. 2. The 3 dB bandwidth is 12 GHz and, consequently, the

P/.If figure is 4.2 mW/GHz for 88 % intensity modulation.

31-.3 w/s - l.7

/ -

Ii

1 I I I
2 1 2

d/s

Fig. 1 Traveling-wave modulator with double-layer substrate i

WAVEGUIDE 3 ._.__.__,
ELECTRODE

00

0 00

z 000

W 
0 0"- LT -5 0

0 5 10 15

Li NbO3 (z -cut) I FREQUENCY [GHz.

Fig. 2 Traveling-wave modulator with grooved substrate
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Direct DC to RF Conversion by Impuise Excitation of a Resonant Cavity

Ming G. Li, Chi H. Lee, A Caroglanian and E. A. Greene+
Department of Electrical Engineering

University of Maryland
College Park, MD 20742

l.. ,pI .

C. Y. She* and P. Polak-Dingles r-

Laboratory for Physical Sciences
4928 College Avenue

College Park, MD 20742

A. Rosen
RCA Laboratories
Princeton, NJ 08549

Direct DC to RF conversion with an optoelectronicall switchable
frozen-wave generator has recently been demonstrated.(1' 2) Using picosecond
optical pulses. A sequential waveform consisting of two and one half cycles has
been obtained with a voltage conversion efficiency better than 90%.(2)
However, there are some drawbacks associated with the frozen-wave generator
device. One of them is that a large number of switches must be simulta-
neously activated and each switch must operate at close to 100% efficiency
in order to form a good pulse sequence. These requirements are rather dif-
ficult to meet, because each switch may have somewhat different charac-
teristics owing to the fabrication process. The simultaneous closure of
several switches also demands a large amount of laser energy.

In this paper, we report on our recent study of DC to RF conversion
using a single optoelectronic switch and a coaxial resonant cavity. The
basic principle is described below. (Fig. 1) The electrical impulse
generated by an optoelectronic switch is coupled via an antenna to a coxial
structure cavity. This pulse will reflect back and forth inside the reso-
nant cavity which is shorted at one end and opened at the other end. At the
shorted end of the cavity, the resultant electrical field has to be zero to
meet the boundary condition. Thus the reflected electrical field must have
the same amplitude but opposite parity of the incident pulse. At the open
end, the total current must be zero. Thus the reflected current pulse has
opposite polarity. The pulse bouncing back and forth inside the coaxial
cavity forms a series of pulses of alternative polarities. If one uses
another antenna inside the cavity to couple these pulses out, the output
signal will consist of a damped periodic pulse train. The frequency of this
oscillation equals to the cavity resonant frequency. The damping rate
depends on the coupling coefficiency of the cavity or the loaded quality
factor (0). The higher the quality factor (Q), the slower the damping rate.

For efficient conversion, the number of RF output pulses in the train

may be limited, since the total energy of the entire RF output pulse train
should be less than the energy of the single exciting impulse. For low con-
version efficiency, we can also analyze this problem in the frequency
domain. A narrow pulse contains many frequency components. The cavity here
acts as a narrow bandpass filter. The passed signal, according to the
inverse Fourier transform, will form a damped RF oscillation. A narrow band
signal corresponds to a slowly damped oscillation.
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In our experiment, a piece of Cr doped GaAs or Fe doped InP was used
as a single pulse switch. GaAs or InP switch is essential since it will
generate an electrical impulse with duration much shorter than the period
of the RF signals. It can also withstand higher DC bias voltage than Si L
switch. Fig. 2 shows the output waveform from such a device. More than
one hundred cycles of 300 MHz oscillation was generated by a single pulse
of green light produced by a frequency doubled mode-locked Nd:YAG laser (30
ps, 20 lij). Note the fast build up of the oscillation. We have also used
the whole pulse train of the Q-switched and mode-locked pulses as the
exciting light source. In this case, we generally obtained at the output
of the device an RF pulse train with high amplitude and more total energy
provided that the electrical length of the coaxial resonator was tuned to a
sub-multiple of the optical cavity length. With strong input and output
coupling to the resonator, we were able to convert a single electrical pulse to
a string of RF pulses with a total energy efficiency better than 50%.

This technique can also be extended to generate a CW RF oscillation if
the exciting light source is a CW mode-locked laser. The RF oscillation is
sustained by the periodic excitation of optical pulses. Using a frequency
doubled CW mode-locked Nd:YAG laser at 100 MHz, we were able to generate
microwaves at 1.6 GHz. Fig. 3 shows the oscillogram of such an oscilla-
tion. To obtain an oscillation with a near consta,!t amplitude we had to:
(1) tune the frequency of the resonating cavity to an integer multiple of
the repetition frequency of the mode-locked laser pulses, (2) match the
length of the transmission line between the semiconductor switch and the
input coupler with that of the optical cavity, and (3) maintain a high Q
for the electrical resonator which means that both the input and output
coupling coefficients must be reduced.

In conclusion, we have demonstrated the experiments of a picosecond
laser pulse triggered DC to RF conversion in a coaxial resonant cavity. A
comparison of this device with a frozen-wave generator and its advantages
are also discussed. This work was supported in part by the National
Science Foundation, the Air Force Office of Scientific Research and the
Laboratory for Physical Sciences.
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Fig. 3 The oscillograms of (a) (lower trace) the mode
locked laser pulse and, (b) (upper trace) the

CW RF pulse train actuated by the optical pulse
train from the CW mode-locked laser.

4.
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SUBPICOSECOND RESPONSE TIMES FROM ION BOMBARDED InP

P. M. Downey
AT&T Bell Laboratories

Holmdel, New Jersey 07733

Picosecond photoconductivity studies of 3He- bombarded Fe-doped hIP have demonstrated free
carrier lifetimes and mobilities of 6 ps and 600 cm2/Vs , respectively i1i. This result compares very
favorably with the 10 ps r onse time and mobility less than 20 cm 2/Vs observed in oxy.'
irradiated silicon-on-sapphire t 

'. Even when compared to proton irradiated GaAs sampling gates
the He bombarded InP photoconductors demonstrate over an order of magnitude higher peak
e!ectrical transmission with comparable sampling apertures and optical pulse energies. Radiation
damaged InP appears then !o be the more promising material for achieving ultrashort response times
and optimum photoconducting sensitivity. In this paper we explore the extent to which the free
carrier response time can be reduced by increasing the radiation dose in ion bombarded InP
photoconductors. Subpicosecond response times are demonstrated for InP photoconducting sampling
gates, but the required radiation doses are found to severely compromise the device sensitivity.

With the exception of protons, light ion (3He, 4He', and Be-) bombardment produces very similar
damage in Fe-doped InP. For low and moderate radiation doses a monotonic decrease in free carrier
,itcilme is observed with increasing radiation dose, whereas the dark resistivity and free carrier
mobility remain relatively constant. In other words the effect of moderate ion bombarding doses is
to increase the density of recombinations centers without significantly changing the number of
momentum scattering sites in the crystal. The dark resistivity of the damaged layers bombarded with
moderate doses was consistently found to be -3000 ohm-cm, suggesting that even at low doses a
defect level was introduced which pinned the Fermi level -. 3 eV below the condt ion band. For all
three light ions investigated, however, a critical or threshold dose was identified t above which the
dark resistivity also ,'creased with increasing dose and the free carrier mobility plummeted by more
than a factor of 30 to <10 cm'iVs

The autocorrelated photoresponse of an InP sample bombarded below the threshold dose is shown in
Fig. 1. It is characterized by a 10-90 percent risetime of 2.4 ps corresponding to a 1ie relaxation time
of 1.1 ps. Similar autocorrelation traces were obtained from samples irradiated with doses closer to
the threshold dose, indicating that our measurements were limited by the response speed of the
microstrip circuit. The same sample used rt collect the data for Fig. 1 was also used as a sampling
gate in a back-to-back tIertzian dipoletmJ configuration with another radiation damaged InP
photoconductor. In such an experiment the speed of response of the sampling gate is no longer
limited by the charging time of the device capacitance. We were thus able to directly resolve a free
carrier relaxation time of 0.9 ps for the sample from Fig. 1 when observed in the ltertzian dipole
configuration.

We also carried out Hertzian dipole measurements on a series of samples bombarded with He" ions
at 300 keV at doses near the threshold dose. The shortest l/e response time observed from such an
InP sample was 0.45 ps; the device had received a bombarding dose of 4rl0"'/cm and exhibited a
dark resistivity of 500 ohm-cm. By irradiating the sample above the threshold dose we were thus
able to improve the response speed of the InP photoconductor by a factor of two at the expense of a
four-fold decrease in dark resistivity and an order of magnitude decrease in free carrier mobility. - -

This is in contrast to the rapid decrease in free carrier response time ohsered \ith increasing dose
below the threshold dose Nhich is accomplished with minimal loss in free carrier mobility or dark



ThA6-2

resistivity.

We conclude therefore that from the point of view of making picosecond optoelectronic pulse
generators and sampling gates from radiation damaged InP photoconductors there exists an optimum
radiation dose for which one achieves one picosecond response times. Slight improvements in
response speed can be attained with higher doses, but only at great expense to the device sensitivity.
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(t) 0V Fig. 1 The autocorrelation trace of an InP
sample bombarded with a dose of 10'
4 He-/cm2 at 300 keV; it has a full width at

Z half-maximum (FWHM) of 1.8 ps and a 10-90
I(t+r) Q() percent risetime of 2.4 ps. Shown in the inselL

* is the autocorrelation circuit used, consisting
* of 200 micron wide microstriplines on a 250

micron thick semi-insulating InP substrate.
The reflections observed on the right-hand
side of the correlation trace are due to an
electromagnetic pulse which is radiated by the

5.0 Ps picosecond photocurrent and undergoes
multiple reflections between the top and
bottom surfaces of the InP substrate.
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High-Speed Analog Signal Processing with Superconductive Circuits*

Richard W. Ralston

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, MA 02173-0073

A new technology utilizing superconductive components for pulse
compressors and convolvers that are capable of processing analog signals
having bandwidths from 2-20 GHz will be described. The technology has two key
features: low-loss and low-dispersion electromagnetic striplines which
provide tapped delay on compact substrates; and superconductive tunnel
junctions which provide efficient low-noise mixing and high-speed sampling
circuits. A pulse expander/compressor pair (1) and a convolver (2) with
respective time-bandwidth products of 86 and 21 have been demonstrated.

The basic tapped-delay-line structure is shown in Fig. 1. The two
adjacent strplines are coupled by a cascaded array of quarter-wavelength-long
backward-wave couplers; a chirp filter with a linear group-delay-vs-frequency
relationship is synthesized by adjusting the length and spacing of each
coupler. Filters of this type have been fabricated in a spiral configuration
using 3-m-long niobium lines on 5-cm-dia. silicon wafers. The fidelity of the
phase and amplitude characteristics of such filters is evidenced by the clean
compressed pulse shown in Fig. 2. In this pulse expander/compressor
demonstration of two filters, a Hamming-weighted compressed pulse response
with -25-dB side lobes and a 2.3-GHz bandwidth was observed.

The response of a chirp filter is fixed, as it is determined by the
geometry of the coupled striplines. In advanced communication and radar
systems, there is often a need for a filter with a rapidly reprogrammable

- response. The performance characteristics of a preliminary convolver which is
being developed for this purpose will be described.

As a demonstration of the utility of this new class of superconductive
devices in high-speed signal processing, an ultrawideband chirp-Fourier
spectrum analyzer (1) has been developed. The circuit architecture is shown
in Fig. 3. The wideband input time function is analyzed by multiplying with a
chirp followed by convolving the product with a chirp of eOposite slope. The
circuit transforms the spectral channels into time bins, as is seen in Fig. 4
where seven tones equally spaced by 100 MHz are well resolved. The circuit
provides a 60-channel analysis of a 2.4-GHz band in 40 ns.

Projections based on these results indicate that superconductive
technology should support analoq device time-bandwidth products of at least
10O0 and thereby provide substantial processing gains at very wide
bandwidths. Such devices will provide j al-time siqnal-processing functions
with the digital equivalent of up to 10 operations/sec. In addition to
pure analog structures, superconductive technology offers the potential for
hybrid analog/digital signal processors of qreat efficiency and speed.

* TbI--wo-was sponsor -b the Department of the Army, the Defense Advanced
Research Projects Agenc, and the Department of the Air Force, in part unoer
a specific program for the Air Force Office of Scientific Research.
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PICOSECOND SAMPLING WITH JOSEPHSON JUNCTIONS

Peter Wolf

k-I :~r>§~:~uiur"2 u'~,kiw~tp 1,CH-iJ~i.in giou,.S itzer~and

SUMMARY

A Josephson sampler basically consists of a sampling gate and a sampling-pulse
generator. As Fig. 1 shows, the sampling gate is a Josephson junction to which
the signal, the sampling pulse and a ]c bias are coupled either directly, as

ill the figuire, or via control lines. The dc bias is adjusted such that thle sum

of the three inputs- j List reaches the threshold of the gate, the switching of

which is detected bv anl external voltage dector. Thie dc bias is adjusted auto-

miat ically with ani external feedback loop. If the Sampling Pulse is moved along

the signal by means of a variable time delay, then the dc bias current asa

function of the delay will vie ld a replica of- the signal.

CIRCUIT

VOLTAGE

SIGNAL 4IEXTERNAL
dc CURRENT

SAMPLING JNTO
PULSE p JNTO

SAMPLING PRINC IPLE

JUNCTION
CURRENT JUNCTION

~~THRESHLD

dCURRENT -L

SAMPLING
I ULSE SIGNAL

tn TIME

Fip 1 : Prin cip I l ope rnit ion 0 faI o -sephson s xmplIt.r.
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The spike-like sampling pulse is produced by a simple circuit first pro-

posed by Faris, which basically consists of" two iiunctions and a re sistor. This

pulser is triggered by an external pulse generator which in addition should
also provide a voltage-controllable delay for moving the plse' time-wise along
the signal. This delay Call either be achieved with a motor-driven variable
delay line or by electronic methods. 'With electroniic delay methods, high sam-

pl ing rates of 1 MHz or more have been ach ieved whi1ch al Ilow a fli1cker-f ree

display on an oscilloscope. ~-
The cryogenic part of' these sampliiLig systems can be very simple, since it

needs only three JOSephson1 junctions and one resistor. The same is true of
the room-temperature part which does not require verv fast or elaborate elec-
t ronics. The best resolut ioni obta ined is- 2. 1 ps , as shown in Fig. 2. Hfere, the
Osc i I logram of a switching Josephson nctinsgve.tisadulexo

.Sure with one waveform sifted by 10 ps wit tiian exter:i il airline for time cal-
brat ion.

40,Aj A/(j I V

2.33 cs/div

Fig. 2:Osc ill ogrolnl 0 1- a swi tc Ini III-' JOSeI isonljII 0in Lion t1b1 e eposure with
one wave formi shiif ted by P') p., 'with inl exLLe maii le1i i ne. The 10C-90) rise-
time displayed is 2. 1 ps .

ih c p res e nt s amp II ig sy%,sttms lve, niot r ea iched L t !Ie IIM It of 101 te i tMe2 re so-
I t 1 in wilch bas icall de vCIpends orI, t he 1) anna f lr( Iciiev ol the sampi i ng gates.-
Thle plasma f'euneIcV is prL~pOr L I, 111 t o t ie;( 1I sare ro)''t oIt the ralt In( J osephsonl
cuirrent to june t ion capaic itLance1. lbk-reL. conIs ide'rabI~l eimpr-ovements 'Ire pos-s ibhie

So that a resolution of less than11 I ps should be Cali'i inl theL fulture.
Josephson1 junICtLins o)pera;te only% ;tl Iel~rti t vp icalI Iv I i q ii d-

hie I iiim t empe ratu re. The(,refCore, iios t I V ph(nomena01 at-1 t Il l' r 111 Im a nrc- an1d

even on tiet same chip as tile anpcrhave r .L iI 5Lit ed F-OY other tcpc ril)-

a t I I e s , cs pc c io a r OOIn n i e pet, r e ,, t r~i illi Ii Ionl II I t, m nI red Wh i ('11
lead the signals fro,i and to the rIV0,ogIci OicnV I ro :1:Wiit hI,; ilot oa-isv and
has not beenI inIvest iga ted 'Xttni Vi IV. lI~kL'wVt'r I I sl po s i hIc Whii ch
a-void an excessive decrease t inI t i me re-s, Itit i onl. I I Cii ) he l acieved ,
then Josephson sampIe rs WotilI d be :I t i r I Al' Icea I-,I 'irI Imet 1h0d to in11ves t 1-

g4ate pi coseconid siga
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Transmission Line Designs With a Measured StepLA
Response of 3ps Per Centimeter.

Charles J. Kryzak, Sadeg 11. Faris
K fypres, Inc. 175 Clearbrook Rd., Elmnsford, N.Y. 10523

914 592-1190

Kevin E. 7'leyer , Gerard A. 1Mourou
Labortorv for Laser Enerqetics, University of Rochester
250 East River Rd., Rochester, N.Y. 14623
716 275-4412

In or(Ier to effectively exploit the speed-hioh and hich
sensitivit,! )o t on tia IOf both supercondutn ad
kelectro-02't 1c- tec~inolociios , proper generation, counlino and

mr~aation o! 12ni with bandWidiths in excess o' 100
tz r d .'.-Ie reoort on extensive theoretical

-In J e x er mein talA inve,.L joations of transmission lines of
va r io Li conrin ,ur-it ion thnat was, undertaken in order to f ind

an )tj :~mt-r an5sm 123 ion mc Idi urnl which Sat i s f i es the
illtra--wiuj, ba-ndwicith requirements. The investiaation
included various stibstrate thickness and dielectric
constants as woll as conductor material. qe concluded that
it is DOS.Sitole to realize transmission line desiqns capable
of supportin- mnaniwi(ithsc in excess of 100 Giqahertz if

ca>lattn"t ion m Taid Lu the qeneration and coupling of
tie wi ~w i~bnvjtiwaveforms, i.e.*, taking into

~m:moe am u tie adiat onand oalar ization of the fields
>t u vtie uiiner-ator is well as imnoedance matching

.. tves w~ ~noa: .~rin.' Lhe line.

0veritY, tinet Plo t a r edi ct ions we des iqned
(,xr)'rim1ent.s Lae na e aiaino an electro-optical
sa)l in, t(echiniuo 1 1, whicti is proven to have

su'm'coco(~ruolt1 )n . The exper iniontal investigation
con ijEtr U a tnie '-n-or t ion of picosecond electr ical pulses,

p ~an imped anc. Tac:n Couol inq configuration, and the
oroa~a tIo c e~ §5 own t he transmission line. Our

techn iunt a)I aws; t he :-,fasu re-nent of the waveforms at any
o isnt j o; iw tie train sms s ion line, thereby allowing an

accurate dr-tor-vi n,tt ion of puls-e deqradation and step
resmonse( pr 11 t I(l t n Of ouIr t ransmi ss ion l ine des igns .
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Illustrated below are measured waveforms which verify that a
step response of 3ps per centimeter is indeed possible.
This is the fastest waveform that has been generated,
coupled, and propagated up to 3.3 centimeters which is known
to have been reported. With this we believe it is possible
to design and construct transmission lines capable of step
responses less than ips per centimeter.

A .-

1. G.A. Mourou, K.E. Meyer, Applied Physics Letters Vol. 45,
pp492, 1984
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Development of a Picosecond Cryo-Sampler
Using Electro-Optic Techniques*

D.R. Dykaar, T.Y. Hsiang G.A. Mourou
The University of Rochester The University of Rochester

Dept. of Electrical Engineering Laboratory for Laser Energetics
Rochester, New York 14627 Rochester, New York 14623

Previously we reported on a picosecond electro-optic sampling system used to
characterize superconducting Josephson devices. 1 A block diagram is shown in
Figure 1. The sampler was driven by a colliding-pulse mode-locked laser which
produced two 120 fs FWHM pulses at 100 MHz. One pulse was used to generate an
electrical signal of adjustable height and width, via a photoconductive switch. This
signal was used to excite the test device placed in the cryogenic environment. The
resultant electrical transient was then sampled with the second optical pulse using
a birefringent lithium tantalate crystal. By changing the relative delay between
the optical excitation and sampling pulses, the temporal development of the
electrical transient was recorded using conventional slow speed electronics. The
limitations on system response were found to be due to the long cables required to
move signals into, and out of, the cryogenic environment.

We report here our attempt to eliminate the various cables and connections
by placing the sampler directly in the cryogens. In the initial version, only the
lithium tantalate detector was directly cooled. An electrical pulse generated at
room temperature and detected by the cryogenic crystal is shown in Figure 2. The
risetime was measured to be 16.4 picoseconds, which is dominated by the long
coaxial cable required for input signal transmission. A room temperture version of
this svtem has demonstrated a risetime of < 500 fs. 2

------- 5 14.5nm Argon >[-

excitation pulse-a 65m_ mPaern
delay 615nP Laser

oharget d.c. -V- samplin Lcompensator/polarizer., charge_ -, - t  p le-+ - -.
oscillator - ° ,.shor t ./smpi

NJ V-evice 'I- LHe bath Lsampling crystal

photoconductive switch detectors ]lock-in signal averager

F:igure I- Schematic diagram of experimental set-up

• ... %
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Figure 2 - Outpu~t signal from the sampler (placed in cryogenic environment)

ID.R. Dykaar, T.Y. fisiang, 6.A. \ ourOLu, "An Application of Picosecond Electro-
Optical Sampling to Siuperc:onducting Electronics," subm-itted to IEEE Trans. Magn.,

- 1984.

* 2G.A. Mourou, K.E. Meyer, "SLubpicoserond Electro-Optic Sampling Using Coplanar
*Strip Transmission Lines," Applied Physics Letters, Vol. 45, No. 5, pp. 492-494,

September 1984.

*This work was stipportt-d by National Science Foundation Grant ECS-8306607 and
*Sponsors of The Lahorat,)rV for 1, ser Energetics. One of us (l).R.J).) acknowledges
-support from an IBM Prv-doutoril Fellowship.
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Picosecond Josephson Logic Gates for Degital LSIs

k

Jun-ich Sone, Jaw-Shen Tsai, and Hiroyuki Abe

NEC Corporation
1-1 Miyazaki Yonchome, Miyamae-ku

Kawasaki 213 Japan

Introduction

This paper will discuss the realized and projected
picosecond logic speed of Resistor Coupled Josephson Logic
for LSI applications. The 4b x 4b parallel multiplier,
developed very recently by using 5-jm lead alloy technology,
demonstrates a multiplication time as small as 280 pico-
seconds. The averaged logic delay per gate is 21 picoseconds
in this multiplier. The advancement in Josephson IC
fabrication technology, on the other hand, has shown the
possibility for fabricating 1-pm minimum line width
Josephson LSI. The projested logic delay per gate of
densely packed 1-Am RCJL LSI will be less than 10 pico-
seconds.

Medium Scale Integration

Figure 1 shows a 4b x 4b parallel multiplier chips's
microphotograph. The multiplier, implemented in 5-pm RCJL
gates, employs dual rail logic aiming at high-speed
operaticn. The circuit contains 249 gates consisting of
862 Josephson junctions. The gate are laid out in an array
configuration. The critical (longest) path for 4b x 4b
multiplication ccntains 13 gates. The 21 picoseconds logic
delay per gate contains 6 picoseconds signal propagation
time along the 500-,um transmission line interconnecting the
gates. The 280-picoseconds 4b x 4b multiplication time is
one order of magnitude faster than semiconductor
multipliers, such as GaAs MESFET multipliers.

Projected RCJL Performances

The essential factors for logic circuit performances
are summarized in Tab.1. The main interest in this paper
is the projected logic delay in the future large scale
integrated circuit chips, which depends on the fan-in and
fan-out condition and on the averaged interconnection line
length. .'

The performances of RCJL LSI are discussed employing
standard logic cell configuration. The standard cells are

............ * .. * . .---f .*. -



:7<12 .. ~ra.~andl are interconnected by
........................~ai. ines as shown in Fig.2. The

.u ci2,cansisting of two OR gates and
-r- 'L,: l n~ ainstall n interconnection lines

'.2d I x i. a- Eaich gata: unit's output drives
~'>':eddistance between the driving

Unit is mn times as long as the

d ~co-l layout, the gate performance
Al tne iinimum feature size reduction.,
st,-, su-m of the turn-on delay --t,

t. -rand the signal propagation time
e~ rinduct ion results in Cr reduction.

Tu .- p is in proporation to the unit cell
cns proporationally with the minimum

a: mdIc delay for highly miniaturized RCJL
i-; alvy deuer:-nined by the quantum mechanical

* ~ ~~~ O ,i~ icosecond and the velocity of
.. 2 :C92GC~ngtransmission line. Table 2
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1! 1IC 1 1 :l ut:

7.*



NOTES



W*W . 7

THURSDAY, MARCH 14, 1985

ThC, ULTRAFAST ELECTRONICS

James Harris, Stanford University, Presider



ThC1-1

Picosecond Switchin9 Speed GaAs Circuits

Raymond Din9le
Pivot III-V Corporation

PO Box 795

New York, NY 10003

The speed performance of simple integrated circuits made from III-V materials
in 9eneral, now rivals Josephson junction devices for all time speed
records. In particular, the most developed technology is that involving GaAs
(as a MESFET) or GaAs and (AlGa)As in combinations such as the selectively
doped heterostructure transistor (SDHT, sometimes called HEMT, TEGFET,
MODFET) and the heterojunction bipolar transistor. This talk will compare
and contrast the performance of these GaAs based approaches. Speculation
about the near future will be attempted.

r
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ChaacerzatonofTEGFETs and MESFETs Using
teEetro-Optic Sampling Technique

K .- \A ever , I).PF 'aa r, and C .A. MourOU
Laho:ratar v lo, Lasu nergetics, I Jniversity of Rochester, 250 East River Road,
R o e te, NA, r r 14623-1299

a d n~nstr~edthat thie electro-optic samrpling technique can be used
T3 v1 t in t igasitb) rise tries as short as .46 ps. 1 In this report we

!he Ap l . i on Ot t'll, sa'i l1 ing technique to the Mneasurenent ot the transient

-vt.grdtonis shown in Fig. 1. Two synchronized trains of
)t' -a nli Li re orcvidted by a GP'A laser. The two electrodes on the

ncisnd nout signal line; when the gap is illuminated and
"'_rr~ r lig'a is injected into the PET gate. The response of the FET

ou t thie dr,i in. The TEC(FET has b)een tested using a microstrip
SIS FPLIT resuljts vore ob)tained with a coplanar geomnetry. The

t, -etecti-J probe pulse tocused between the sampler

* .~'- sr.' iov n Fig. 2. IX itoi the FET b1ised "'offt' some of the
I i tr iu Ptiew device. With the PET b)iased "on", the ouput is

ipp rnt. The :iieas:jred TE6FET rise time is 16 ps; this agrees
* a i'~tot frq~incvof 23 GHz. The observed M4ESPET rise time

K . O~ntS upr it tel v with the 27) (,Hz current-gain cutoff
r ri no ue mesre rTon' ts This tec7hnique vill be used to study

.. h Li~erFusion PeaK is itv Project at th)e Laboratory for
i- . ,..wf.-sronsors: Elr, rO StaIte E-lectric Energy

(Inpn v . New% YVorl S)tate Energv Research
o .~ .Nvt'ieai tltie-, Ss-rvice omipanv, Ontario Hiydro,

................ ie standaird Odi Com panyv, thie I iniversit v of
~ ' or ce Oftf ie -( -,(I Sce r)T it fIC Research. Such
s'(I) )fr .dthe contenit by avfiv of the ab ove iarties.

a s! ~ .~is rayi ded 5v N",1 P Crant N an-iber FC S-8S306607.
x'a,!, r.jTn.act the( Fi ectr Val Fligmeering De ar tmrent of

4'*H or vid-d. by Thaciw~on '.,,.F. Onie of us (D.R.D)
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Cr:GaAs Electro-Optic
Crystal

Fig. 1 Sampling geometry used to characterize TEGFETs and MESFETs. The
optical beam on the left generates the fast input pulse; the beam on the
right detects the output response of the device.

FET on

S80--

60-

40-

20 - FE7 c -

0'

0 25 50 - 00 1,; 1.

17ps M-" ' T

Fig. 2 (a) TEGFET response with the gate on (r 16 ps) and with the gate pinched
oft; (b) MESFET response with the drain bias on (= 25 ps) and off.
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Picosecond Optoelectronic Diagnostics of Field Effect Transistors

Donald E. Cooper

Chemistry and Physics Laboratory

The Aerospace Corporation

Mail Stop: M2-253
P.O. Box 92957

Los Angeles, CA 90009

Picosecond optoelectronics provides the capability to measure

the frequency response of solidstate devices with much greater
bandwidth than conventional techniques. Short electrical pulses are

fed into device terminals, and the output is optoelectronically
sampled to measure the device impulse response function. The Fourier
transform of this data yields the frequency response curve. All

elements of the scattering matrix (S matrix) can be obtained through

the use of various combinations of device terminals as input and

output ports. Thus all information obtained from conventional CW
network analyzer techniques is available from the time-domain

picosecond optoelectronic data, with excellent bandwidth capability

and electronic simplicity. Here we present impulse response

measurements of a submicron field effect transistor.

Optoelectronic switches are fabricated in microstrip circuits

deposited on silicon-on-sapphire wafers. The wafers are ion

implanted with Si+ to shorten the photoconductive response to below

10 picoseconds. For these experiments the electrical pulse durations

and the sampling apertures were about 7 picoseconds. For measurement

of the impulse response of a FET a microstrip with a pair of

optoelectronic switches is connected to both the gate and the drain,

and the source is connected to the microstrip ground plane. Gate and

drain bias voltages are applied to the microstrips. Impulse response
data to generate the S matrix element S11 is obtained by creating an
electrical pulse at the gate with one switch and sampling the

reflected waveform with the other switch. The other S parameters are

measured in similar fashions, using the gate and the drain in all

four permutations as input and output ports. To eliminate packaging
effects the microstrip circuits were wire-bound directly to chip
devices. To our knowledge these are the first published impulse

response measurements on unpackaged FETs.

The impulse response functions for an Avantek AT-8041 FET (0.5 im

gate) are shown in Figure I a-d. For the operating conditions used
for these measurements (VI), = 3V, V(;' = 0.9V) the drain current is 30

mA. Figure la shows the result of pulsing and sampling the gate

terminal, and Fig. Id shows the same data for the drain terminal.
These data are dominated by the large peak produced by the sampling of

the input pulse as it is generated. The reflected pulse is found at
later times to the right of the large peak. A shoulder on the main

WI
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peak corresponds to reflection at the wire bond on the microstrip,
and the broad peak on the left is the reflection from the device
itself. The scattering parameters SII and S22 are derived from the
Fourier transform of these reflected peaks.

Figure lb shows the result of pulsing the drain and sampling the

gate terminals. This signal has a negligible DC component, as would
be expected from a circuit with only capacitative coupling between

drain and gate. As the FET bias conditions are varied this signal
shows a significant change in shape indicative of a shift in the
phase of the transmitted signal. Finally, Figure lc shows the result
of pulsing the gate terminal while sampling the drain output. This
pulse represents the amplified input pulse, and shows the broadening
effect due to the FET gain bandwidth being less than the bandwidth of
the input pulse. The Fourier transform of this signal gives the
frequency response curve for the insertion gain S2 1. Digital Fourier
transform calculations have been performed on this data, and the

resulting frequency spectrum shows the expected f-2 dependence.

In summary, we hve performed impulse response measurements on

fast unpackaged FETs using picosecond optoelect ronic techniques.
These measurements permit the extraction of scattering matrix

parameters in the millimeter wave regime without the use of frequency
mixing techniques.

References

1. P. R. Smith, D. H. Auston, and W. M. Angustiniak, Appl. Phys.
Lett, 39, 139(1981). _______
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High Electron Mobility Transistors - Their Evolution and Ultimate Speed

H. Sakaki -.
Tokyo University

Institute of Industrial Science
22-1 Roppongi 7 Chome
Minato-ku, Tokyo 106

Japan

Physical mechanisms governing the ultimate speed of high-purity
heterojunction FETs (HEMTS) are discussed together with a preliminary
experiment on a novel velocity modulation transistor.
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Time-domain Measurements for Silicon Integrated Circuit Testing

Using Photoconductors

W. R. Eisenstadt

Electrical Engineering Department, University of Florida, Gainesville, FL 08544

R. B. Hammond

Electronics Division, los Alamos National Laboratory, Los Alamos, NM 87545

1). Bowman and R. W. Dutton

Integrated Circuits Laboratory, Stanford University, Stanford, CA 94302

Picosecond time-domain measurements of silicon integrated circuit

interconnects were successfully performed using photoconductors integrated

on-chip. Both bulk silicon and thin-film polycrystalline silicon

photoconductors were studied. Standard integrated circuit fabrication

techniques followed by shadow-masked, ion-beam irradiation were used to create

photoconductor/interconnect structures. Starting materials used were

7( t--cm n-type wafers and 16 Q-cm p-type wafers. A subpicosecond pulsed

laser system excited the photoconductors to produce and sample picosecond

pulses on the Si suL, strate.

(ptoelectronic correlation measurements with photoconductor pulsers and

photoconductor ;amplin, gates were performed to characterize both the

plotoconductors and interconnections. Photoconductors processed as pulsers

have produced electrical pulses with %? ps risetime, ^200-mV peak

amplitude and full-width at half-maxima (FWIflI) of <10 ps. Photoconductors

processed as sampling gates have demonstrated 3-dB measurement bandwidths of

A (Jhz. Due to the absence of jitter, on-chip signal delays were measured

with suhpicosecond icecision.

i- ... -..... - . .-.......... ...... , ."..
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MOLECULAR BEAM EPITAXY MATERIALS FOR HIGH SPEED
DIGITAL HETEROSTRUCTURE DEVICES

D.L. Miller
Rockwell International Corporation

Microelectronics Research and Development Center
1049 Camino Dos Rios, Thousand Oaks, CA 91360

I nt r o du-ct- :. .

Molecular beam epitaxy (MBE) has made many important contribu-
tions to research and development of III-V compound semiconductor
devices. For example, MBE has become the predominant technique
of epitaxial material growth for digital heterostructure circuits
employing heterojunction bipolar transistors (HBTs) and high
electron mobility transistors (HEMTs). This has occurred despite
the relatively high cost of MBE apparatus, and the reputation of
MBE as an esoteric technology. Since high speed heterostructure
devices appear to be moving rapidly toward the production line,
it is important to consider the status of MBE in device research
and development, and the future of MBE in the transition to
production.

MBE in HETand HBT Research and Development

All of the recent impressive highspeed digital circuit perform-
ance demonstrations by HEMT and HBT devices have been accom-
plished using MBE material. HEMT ring illators, with propa-
gation delays as low as 12.2 pS at 300K) and 11.0 pS at 77K,(2)
are the fastest semiconductor digital switching circuits eyer
reported, and HEMT dividers operating at 10.1 GHz at 77K(2  are
the fastest semiconductor dividers ever achieved. HT devices
operating with cutoff frequencies f up to 40 GHz,( 3) and
frequency dividers operating up to 8.5 GHz at room temperature(3)
are the fastest bipolar devices ever reported.

MBE material has been used for these impressive results primarily
because of its unequalled control and versatility in making
structures which contain multiple thin layers of high quality
material. MBE is basically a simple process, a carefully con-
trolled vacuum co-evaporation of elements onto a heated sub-
strate. The growth rate is relatively slow, three to four
Angstroms per second. The vacuum environment allows simple
shutters to be used to interrupt the beams used for growth in
times which correspond to submonolayer deposition. A low sub-
strate temperature of about 600 0 C during the growth of GaAs
minimizes interdiffusion of deposited materials. This results in
relative ease in controlling the placement of dopants and inter-
faces. Furthermore, well-engineered commercial MBE apparatus is
available from several manufacturers.

A basic HEMT device consists of an undoped GaAs buffer layer, an
undoped Al.3Ga.7As spacer layer, typically 50A thick, followed by
about 300A of n-type Al 3Ga.7As. The threshold voltage and the
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current-carrying capacity of a HEMT device is a very sensitive
function of these thicknesses and of the doping density in the
AlGaAs. Also, the channel mobility of a HEMT device relies on an
abrupt heterointerface and high purity material. With MBE, the
thin layers of these devices are extremely simple to make, and
thicknesses and doping may be modified in a straightforward
manner to optimize device performance.

HBTs also benefit from the ability of MBE to accurately control
doping and composition on a small thickness scale. The low
growth temperature reduces dopant diffusion from the heavily
doped base region, while the ability to reproducibly provide
compositional grading in the emitter-base junction region and
reduce base transit times.

Further gains in HEMT and HBT performance are being realized by
using MBE for "bandgap engineering" in the AlGaAs/GaAs system.
The use of superlattices to improve the characteristics of both
HBTs and HEMTs is an important example of this.

The Future of MBE

The foreseeable future of MBE as a research and development tool
for III-V devices and circuits seems assured, because of its
control and versatility, and the resultant device performance.
The usefulness of MBE as a production tool, however, must still
be demonstrated. For production of circuits, the high speed
performance demonstrated in the laboratory must be achieved at an
acceptable cost per wafer. This cost will be determined by
equipment and labor costs, and the throughput, and yield of good
wafers. The present cost per MBE wafer may be acceptable for
pilot production, if yield limitations imposed by oval defects
and the need for frequent equipment recalibration can be reduced
or removed. This will require a joint effort between MBE
researchers and manufacturers of MBE equipment.

Ref erneu
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New high-speed Optoelectronic and electron
superlattice and heterojunction devices

Federico Capasso
AT&T Bell Laboratories
Murray Hill, NJ 07974

In this talk very recent advances in heterojunction and superlattice structures for high-speed,-.'-
optoelectronic and electron device applications are discussed.-

(1) Interface Engineering via do8ing-interface-dipoles: tunable heterohsnction barrier heights
and band-edge discontinuities.

We have succeeded for the first time in artificially tuning the conduction and valence band
barrier heights at an abrupt intrinsic semiconductor-semiconductor heterojunction via a
doping interface dipole (DID). This is achieved by means of ultrathin ionized donor and
acceptor sheets in situ grown within - 100 A from the hetero-interface by molecular beam
epitaxy. In the limit of a few atomic layers separation between the charge sheets this
amounts to modifying the band-edge discontinuities. A barrier lowering of - 0.10 eV has
been achieved at an AIGaAs/GaAs heterojunction interface leading to a one order of
magnitude enhancement in the heterojunction photocollection efficiency. The doping
interface dipole concept, as a band-gap engineering technique, has far-reaching implication&
for both the physics of interfaces and the design of novel heterostucture devices.
Application to high speed detectors, staircase APDs, lasers and FETs will be discussed.
(2) Pseudo-Quaternary GalnAsP Semiconductors: a new high-speed avalanche photodiode with

graded gap superlattice.

We have demonstrated for the first time a pseudo-quaternary GalnAsIP semiconductor
consisting of a graded gap Ga0 47 1nOs5AsInP superlattice. The average composition and the
band gap of this structure is spatially varied by gradually changing the thicknesses of the InP
and Ga. 47In ,3As layers between 5 and 55 A while keeping constant the period of the
superlattice (=60 A). This graded gap superlattice has been used to eliminate the interface
pile-up effect of holes (which is detrimental to device speed) in a new "high-low"
InP/Ga0( ,In. 3As avalanche photodiode, without requiring the growth of a separately
lattice-matched Ga, 1In.As 1, P, layer. High speed operation at 1.7 Gb/sec and x - 1.55

Jnm has been achieved. Pseudo-quaternary semiconductors represent a new technique of
growing GaInAsP and can conveniently replace conventional Ga- In1.MAs1 r P , alloys in a
variety of device applications.
(3) New ultrahigh speed negative differential resistance quantum well d, vices for microwave and

multipe valued logic applications.

A new class of quantum well device concepts which have potential for high frequency
oscillators has been introduced. In addition these functional devices have potential for many
signal processing and logic applications, allowing tremendous simplification in circuitry and
increase in speed. In one configuration the device provides a binary digital output for an
analog or multiple valued digital input, acting as threshold logic gate. This can be used as a
parity generator in error detection circuits and in novel A to D converters. In another
configuration the device has a multiple valued negative differential resistance characteristic.
When connected to a resistive load a device having N stable states (2.nN<8) is produced,
which can be used in multiple valued logic applications.

::~~~~~~~~~. .... . . ":::--',-..:..-...... ......,-,.. .. . .. .. .
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SEMICONDUCTOR QUANTUM WELLS: PHYSICS AND APPLICATIONS
by

D. S. Chemla
AT&T Bell Laboratories, Holmdel

The nonlinear optical effects utilized in various optoelectronics devices are the riations

of the refractive index (n) or of the absorption coefficient (a) induced by an optical or by a static

electromagnetic field. In semiconductors these nonlinearities exhibit large enhancements close to the

excitonic resonances that are observed at low temperature near the band gap in bulk materials.

Recently, modern techniques of crystal growth have permitted the fabrication of ultra-thin semicon-

ductor layers (L, - 100A) ,i-ch atomically smooth interfaces and perfectly controlled composition.

One important effect of the confinement of carriers in ultra-thin layers is to stabilized excitonic reso-

nances which become consequently observable at room temperature. In quantum wells it is there-

fore possible to observed and utilize enhanced nonlinear optical effects in very convenient conditions

for applications. In addition excitons at room temperature exhibit interesting new specific properties

not observed at low temperature. In our laboratory multiple quantum well structures (MQWS) of

high enough quality to exhibit excitonic resonances at room temperature have been grown in the

GaAs/AIGaAs and in the GalnAs/AllnAs systems (1,2). The excitonic resonances occur at 0.85

tAm and 1.6 Am for the two systems respectively.

The dynamics of the excitonic absorption saturation has been studied using cw, psec and

fsec lasers (3,4). Extremely large optical nonlinearities have been observed. They consist of two

components, one which is due to phase-space filling and one due to free carrier screening. The first

one has a very fast recovery time -300 fsec limited by the thermal 1.0-phonon ionization of room

temperature excitons and has a cross section about twice as large as than that due to screening

Theoretical model in good agreement with experiment have been developed. Applications to diode

laser four wave mixing (5) and diode laser mode locking have been demonstrated (6). Stable opera-

tion and generation of pulses as short as 1.6 psec have been obtained (6).

Strong electro-absorption can bc seen when ,tatic electric fields are applied to MQWS

parallel or perpendicular to the layers. These effects are intrinsically vCrx fast because the are
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related to the speed at which the electronic envelope functions can follow the applied field. When

the field is perpendicular to the layers one observes large red shifts of the exciton resonances which

remain well resolved up to fields > 50 times the classical ionization field (7). This new Quantum-

Confined Stark effcct (QCSE) has been applied to high speed optical modulation (8,9), gates for

optical logic (10), linearized optical modulators (Il) and optical level shifters ( ). When the field

i, parallel to the layers the usual Stark effect of the quasi two-dimensional exciton produces a

broadening and loss of oscillator strength due to the field ionization. Although the changes in

absorption observed in this geometry are less contrasted than for the QCSE the two dimensional

Stark effect is verx sensitive and can be exploited in extremely fast devices owing to the very small

capacitance associated with this geometry (12). Application to high speed/high sensitivity sampling

has recently been demonstrated (13). For both geometries excellent agreement has been obtained
between experiment and theory (7,12). i

, r 7 p.
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PreL\ lN\ .It ha, beecn ,hown that ew. photoluminescence (PL) at helium
* trn e at r I exfor u conined in quantumn wells decreases sharply (i.e. is

Lquecmh'1 ) hean ll c 1:cC1 field is applied perpendicular to the layers. I t w as
suLc:e-sted therte thatl the decrease might he due to spatial separation of the elcc-
troth, ' nrd hOILe i1!ler' iheni uece1C of the electric field. This separation would
redul.. tho ::tra tI patlil ove.rlap, thus increasing the exciton radiati'Ve
IiClrl let in. Ir~t r1 t e .tllmine the 1.lminlescence quenching in more detail, we have
Inctac 0K L\. :t"" PI Je'Cd directly.

(I IH1 1_T ~ r) q4.iuan wells 'consisting of six Ga, ,,Al,,,As -GaAs

quan ur ~ IsWePThk ' wkas -30A, with a barrier thickness of 1 00A. The
V11lI11 wereL Cal~l bet \1 ecu aJloom GaAs buffer layer and a 0. A 1 m Ga ,, Al, ,.As

11V~r0i; (,I-,Allfield perpendicular tothe lavers wsapidb en
0! a Schotik\ in.L coni 1u1.ration. formed by evaporating a 60A thick semitran-
spareult Ni tint on thet hcetos trutres. The quantum wells were inside the
space-chair-Le ceiuoi. estiiatd to be -0.8pm. where the built-in field was I10-'

V Lill. With an aipplied a! ot alc VX=- -1 .0 V, we estimate the total ,lectric field to
heC I5 l(),V cm

1 h saple. hld t =.SK. \ere exeited with a synchronously-pumped
* ca\ity-dumpej)C e lasetf pr'dUc-ing If) psec pulses at a 70k) fl repetition rate.
* [he laser oout aN 5820)V and the maximumn pulse energy incident of' the
* samTpleIC ' I njo)uie. 1 he P1 kas, analyzed with a double-pass 0_75Sm monochro-

mator and tietected kithI a ooled photomultiplier tube. The time dec'a\ was,
* measured b\ ie eo\e photon counting, as described moTe. fully elsewhere'

The s tmreso0Lut1in \ALI' 200 psee ( EWHI)- decay time'., a,, short as 50 psee
" crc, infe.red frontl Jcceon\0ol Ut on techniques.

Fl[iure- I sho, s, thet P1 tlcca\ (if the intrinsic n = 1 ex iton at several values of
* ecxtcrnll\ 'applie ':ae Note thie substantial' deceas ilifetlie with

applied ftc Id '11'tetat d~cr 1. : \ipproaching the systeni resltionm limit. 'The

time -inteutrated l sP 1C11 a also( decreases, sharply' Similar results are Neenl Inl
other qu0antumn ( '. , Insaple'. In fig. 2. the lumtinescenc dec ay time j"s V i

01hiAn for se\ era! a'~ racelasr puImp powers, for the same Sample. Wec see that
the litie q1.cIienhtnc is, reducedL'o at hich lasecr intensities.

* I he11C carrier sepIatn psdi Ref. I to explain thet CA\ . datal does, not
Se~L: ill-, th. rii-r'o\ ddta~ prL~seiLed here, at, this mnodel pre dicts an in1crease
*Inl- Ae prp'.e t\( 10k PtLeChthis 111V hich1 could be0 res'ponsl'ible for the obsetr\ ed

dc, '. I hi. lt: 1. . t!ir!, . neh h atre, stronlyl polarized wkithi the "ells by the
*~ extr F).U1 '101! -,1) e'% Ihv %xell' b\ Iole-orh imtNtIELe. The TUnrieline-

prhabrlt\~11 Je n- s~ ~Ot combIIin Fatilon -(mite).Ahcrc mi Is
IL K , i. m , the, pleitialom harier with respect to thet qu1anlLTum le\cl.

Vin ~'t .. v I lieof ot0e U) L' II . can be otained for F= 5 x 10:
- t' ow . .~~'.. a> c 3 V). e = 0 (t eV. i h0 03 IV ). 1iot -

. - n irIn> i the "Cil 11s \eh setlll'\c to( and .o
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that a more quantitative analysis could not be made. The second explanation is
field-induced leakage of the wave functions into the Ga Al As barriers. A
variational calculation, similar to the one described elsewhere4 , shows that this
leakage will reduce the exciton lifetime, but the reduction is too small to account
for our data. Thus Fowler-Nordheim tunneling is the principle cause of the
lifetime quenching.

Exciton screening can account for the observed dependence on laser power.
The photo-created excilons in the wells will be polarized by the electric field, and
the net exciton polarization (which depends upon the exciton density) can in turn
screen out the electric field. We estimate that the screening will be important at
exciton concentrations comparable to the highest (-3xlO cm - ') used in these
experiments

The vork at IBM has been sponsored in part by the U.S. Army Resarch
Office. The work at the University of Illinois has been sponsored by the Joint
Services Flec'tronics Prograrn.
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Reduction of Filectritn-IPho non Scattering Rates

b\ 'l',tal (atiaI Quanti/ation '.

M.A.Reed. R.T.Batc, W.\l.I)un iii.\.R.Frenslev, and H.D.Shih

Centrl Reseir'h l.hor:itories
Iexas Instruments Incorporated

1).(. 14 )x 2'259:36, NI S 1:34
l):Illas, Texas 752t5

The physics of spatially quantized systems has been the subject of intense

investigation since the introduction of MBE and MOCVD. Quantum wells have

been exhaustively examined since the seminal works of Dingle et all. More

recently, studies on quantum wires 2 have yielded interesting new properties.

Here, we present data on a completely spatial quantized system that shows unique

photoluminescence structure resulting from an electron or hole phonon scattering

bottleneck.

The dimensionally confined structures studied were reactive ion etched GaAs-

AlGaAs multiple quantum well samples. The photoluminescence from quantum.

wells (2 degrees of freedom, or "2 I)(OF" were compared to that from quantum

wires (1 DOF) and found to be essentially the same. However, photoluminescence

from "quantum dots" () I)OF) was strikingly different, exhibiting enhanced

electron - light hole recombinati()n. The :nhanccd light liI1 poIpulation is

explained by a reduction in the interhra nch hole phonion sc'attering rate that

produces a bottleneck near the zone center. Simnilar results demonstrated that the

bottleneck can also occur for electrons. These results are uniquely (observable in

quantum well samples due to the reduction in the radiative reconmbination
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time:3.The imposition of total spatial quantization on a semiconductor system

turns the quasi-continuous dispersion relations of the 2- or 1- DOF structures into

a series of discrete energetic levels for the 0 DOF quantum dot case.

Thermalization rates down these branches as well as the interbranch scattering

rates are slowed due to a decrease in the density of final states and modification of

the phonon spectra. We believe that the observation of this bottleneck is the first

experimental evidence for discrete electronic levels in a total spatially quantized

semiconductor system,

2.00 I-.

~2 DOF
1 DOF

-d 1.50 ,'-,, 0 DOF

or]

S1.001.o -"I

0.50

C.) / .

0.00-------- - -.
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High Speed Phenomena in Resonant Tunneling*

T. C. L. G. Sollner, H. C. Let, C. A. Correa,
P. E. Tannenwald and W. P.Goodhue

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173

Resonant tunneling devices have recently been used as detectors and
mixers to demonstrate that the nonlinearities and negative resistance persist
even up to 2.5 THz(I), and that oscillations at microwave frequencies are
possible using the negative resistance(2). This presents a unique opportunity
to explore the physics and device .ossibilities in semiconductors on time
scales of 100 fs. During our investigations of fast processes, additional

phenomena with other tire constants were observed. One effect which has been
studied in detail is attributed to persistent photoconductivity which involves
ionization of DX centers(3) in the AlGaAs barriers. Another effect is
observed by mixing two optical beams of above-hand-gap radiation with a high
difference frequency.

The double-barrier tunneling structures (quantum-well resonators) studied
here are reviewed in Fiqure 1. Resonant tunneling requires the coherent
interaction of an electron wavefunction over the double-barrier structure.
The very thin layers of Al0 .35Gao,6 5 As, because of their higher bandgap, act
as partially transparent mirrors to electrons incident from the GaAs regions,
the transmission taking place by tunneling. Just as in a Fabry-Perot
resonator, there are peaks in the transmission, i.e. in the current, when
incident electrons have the resonant energy. This produces current-voltage
curves also shown in Figure I.

In the persistent photoconduction exp'eriments, the well-barrier region
was illuminated from a grating monochromator through an electronic shutter.
Figure 2 shows experimental 1-V curves for several different exposures. Note
that as the number of photons increases, the current peak increases and shifts
to lower voltages. This is explained by the model illustrated in Fig. 3,
which shows modifications to the conduction band of the double barrier
structure due to positive charges in the harrier. These positive charges
arise from ionization of DX centers which are known to exist in Si doped
AlGaAs(3). Calculations of I-V curves using essentially the method of Tsu and
Esaki(4) agree well with the observed I-V curves shown in Fio. 2. The
relationship between peak current and number of ionized centers (deduced from
the exposure required for saturation) is found to be linear hoth theoretically
and experimentally, and the derived nX center density is found to agrer with
estimates from material growth parameters.

The high-speed photoconductive ii,ixino effeets s ,t0 ared ab,' , are
currently under investigation to establish the li!":ir w , ,. Ve< WP 1n.
the order of 100 fs is likely.

This work was supported Iy e ' , rr y PeeaC( h d ".

tFrancis Bitter National Yaqret I aboratory, Mach' , 
' 4. K , -

Technology, Cambridge, assac:husetts 021'
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Experimental device characteristics show current gain adequate for
digital integrated circuits (30-50 in devi es wish 1.6 um emitters),
high current handling capability (up to i0 J A/cm ), high transconduc-
tance (6000 mS/mm) and high threshold voltage uniformity (standard
deviation of 4 mV across a wafer). Data of current gain vs frequency
calculated from S parameter measurements are displayed in Fig. 4,
indicating a cutoff frequency ft of 40 GHz.

Prototype digital integrated circuits have been fabricated with these
HBTs. In nonthreshold logic (NTL) ring-oscillators, propagation
delays down to 30 pS per gate have been demonstrated (at 4 mW per gate,
with devices whose emitters were 1.2 Vm wide). Current-mode logic
(CML), a simplified form of ECL, has been used to implement frequency
dividers which to date have operated up to 8.5 GHz. Applications in
very high speed digital integrated circuits at various levels of
complexity, gate arrays, A/D converters, as well as in microwave and mm
wave discrete devices may be envisioned. For microwave applications,
HBTs benefit from having much lower 1/f noise than FETs.

HBT technology is presently in its infancy. Significant performance
advances are expected from device scaling and introduction of self-
aligned fabrication methods. Added benefits may result from the use of
new materials systems. ........

F B C- % bp GaA GA @

S1.0-

i0
/  

io ( 10410
5

101 NSI°O

Fig. 2 Calculated cutoff fre-
quency vs collector current

Fig. 1 Schematic band diagram of HBT. density.
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Fig. 3 Schematic cross-section of 1 o -
HBTs fabricated at Rockwell. FREQUENCY GH,.

Fig. 4 Current gain, h2 1 , vs
frequency from S pararheter
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'he Permeable Base Transistor*

P. A. Murphy

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173

The permeable base transi stor (PBT) was conceived in 1179 1 and the first

devices were fi.bricated shortly thereafter2 . Numerical simulations predicted
usable camis in the EHF frequency range 3 and high speed performance in a logic
circuit. A three-dimensional drawing of a GaAs PELT showing a cutaway region
is shown -in Figure 1. The unique feature of a PBT is the thin tungsten
gratinq of submicroceter periodicity (3200 Angstroms in the devices we have
fabricated) embedded in the single-crystdl GaAs. The tungsten grating
separafes the erotter layer from the collector layer and forms the base of the
transistor. Because the tLn -gsten forms a Schottky barrier with the GaAs, the
voltage on the metal can be used to control the current flowing from the
collector the emit.ter. The critical length of the control region is
determined by the metallization thickness and the depletion width around the
tig.sten. Hence cati be made quite short, giving rise to the PBT's high
frequency and hich sieed properties. In the device of Firure I proton
bom:bardlent is used t( isolate and define the device and to provide insulating
regions on wh.ch to fabricate contact pads.

4n intensi,/1' effort to devel op the complex technology necessary to
fabricate PETs hc-, la~en place in the past five years. We have fabricated
both silicon anr GaAs PBTs. This effort has included the development of x-ray
lithographic techniques for base patterning, base metallization techniques,
contact fabr catI,-n t.echniques, and techniques for GaAs overgrowth. The best
result achieved with the Ga 0, PET are devices with an extraiolated maximum

frequency of oscillation (fcra. ) exceeding ( 0  and that achieved with a
silicon PET is on fnax of 10 <4iz. Both of these rksul t s are comparable with
fthe bhes re-sI;s rbtaitoo v'ih any hich freoiericy t rcns i st or.

The achievem ent i, hi oh cjual ity and controlI abe 1;A epitaxial
overgrowths has nrov:cI t, be a parti c1 arly difficult robl e;. We have
investigated : numiber cf overgrowth techniques, incldin( ; vapor
phase ep itaxy , P ), r or lu ar bear e , itaxy (MEL ) and oroonetall ic chemical
vapor deposition ((IM(,). V ,' e have also recently conduct rd a comprehensive
investiqation of the o (,,v't h process using secordary-ion mass spectrometry

MS). These resi 1 s h -v, !--ate! th PMTV[ and MEL F iay be fundamentally
super or to VOI for the ovor,2vwth proc,'es, In iddit ;on, we have obtained
very encoura i fncv (C recl ,ts wi h an( overcruwr and f} -overgr'wn PBTs,
and are currentlY cc on ir ' ii PP s fobrimated with ti ,o.e techni;ues.

e acos, .t.r e, n, 00 evices, such as
AlGaAs/GaAs trans sI er) het err, c .llj-ri r-,r r(, convent i onal
FETs. Perhai s f hr, . ,r e i h peed ci '0 ' , tt0 d,,' ,, .-,h' the ..~~~ ~ ~ II , iii( n i

best• elenert s o' all of I h mc ( ' .'O r', rhe ! ., lt,ie t,
1  

re ti]fS we

This wor, ,, nr:' e rs - y' , P ci,,('i dv,., '( c ',k : : < I, t, cv and

the nepartment of th, r

4 .. . , 1.-
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have obtained demonstrate excellent high speed capability of the PBT.
Although the manufacturability of the PBT remains to be demonstrated, we
believe that the technological problems involved can be solved and that the
PBT will find many analog, digital, and electrooptical applications.
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Picosecond Photoconductivity In
Polycrystalline CdTe Films

Prepared By UV Enhanced OMCVD

A. M. Johnson, D. W. Kisker, and W. M. Simpson

AT&T Bell Laboratories
Holmdel, New Jersey 07733

Picosecond photocurrent transients have been reported in thin films
of amorphous[l] and radiation-damaged[2] semiconductors. We report

r 
0

the first measurements of picosecond photoconductivity in 1800 A
thick films of polycrystalline CdTe grown by organometallic
chemical vapor deposition (OMCVD) with a grain size of

0

approximately 200 A. We have made high-speed photodetectors with a
sampling oscilloscope limited response 2time of 35 psec (FWHM) with
an average drift mobility of _i > llcm /Vsec. The variation of the
grain size as a means of varying the carrier relaxation time and
drift mobility will be discussed.

The CdTe film was grown by a modified OMCVD technique. Normally,
the low temperature limit of thermal deposition for these materials
is about 380-410 C due to the stabijAty of the starting compounds,
diethyltellurium and dimethylcadmium Using uv light to enhance
the reaction, we are able to deposit polycrystalline CdTe and Hg1

Cd Te with a grain size of about 200 A, at a temperature of 250 0 C.
his material can be grown on a variety of substrates such as GaAs,

Si, and fused silica, and by varying the deposition temperature the
grain size can be changed.

The 1800 A thick CdTe film was deposited onto a 250 _im thick fused
silica substrate and incorporated into a standard 50 j microstrip
transmission line configuration[l]. In this gap cell configuration
a 12 pm gap between the aluminum electrodes served as the active
area of the photodetector. The sampling oscilloscope limited
response of this detector to a picosecond excitation source[4] at
600 nm is displayed in Fig. 1. A peak photovoltage of 267 mV.
resulted when the detector was photoexcited by an absorbed average
power of 3.3 mW (not corrected for electrode reflection) and a bias
of 50V. The absorptance of the sample was 44%. With these
operating parameters the d ectwr had a responsivity of 5.6mA/W and
a jt- product of 3.4xi0 -  cm /V. A conservative estimate of the
response time of the detector of 30 psec r sults in a lower limit
of the average drift mobility of p > 11cm /Vsec. This detector is
comparable in both speed and sensitivity to 1- im thick radiation-

damaged silicon-on-sapphire photodetectors[2]. The dark resistance

4-
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of the detector at 50V bias was 3.3xl0 i1 for a resistivity of

-7
20.6x10 cm. High speed correlation measurements[5] will be
performed to determine the true speed of response of the device.
Experiments are in progress to study the electronic transport as a
function of qrain size and to determine the nature of the trapping
and or recombination centers at the gr.iin boundaries. We will
describe the variation of detector properties with changes in
substrate a26-; Hq composition.

1. D. H. Auston, P. Lavallard, N, Sol, and D. Kaplan, Appl.
Phys. Lett 36, f, (1980).

2. P. R. Shi-h, L. H. Auston, A. M. Johnson, and W. M.
Augustyniak, App. . Phys. Lett. La, 47 (19q ).

3. J. B. Mullin, S. J. C. Irvine, and D. J. Ashen, J. Cryst.
Growti 55, 92 (98I

4. A. M. Johnson and W. M. Simpson, Opt. Lett. 8, 554 (1983).
5. [. Ii. Austori, A. M. Johcison, P. R. Smith, and J. C. Bean,

Appl. Phys. Lett. 3-, 371 (1930).
Figure 1: Pesponse of the photodetector to 1 psec pulses from a
synchronously modelocked Rh6G dye laser operating at a repetition
rate of 10C'.4On MHz.
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Ds wqi to tiym ! lus inr respons i vi tv. Thc-s experirients are current-
y i n rooIrkess, an res.. its wi 1 1 be, rpurt ec.
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Subrnicron-iao Photoconducti~e Switching in Silicon

G.G. Shahidi, E.P. Ippen and J. Meingailis 7
Departmnenii. of Electrical Engineering and Computer Science __

and Research Laboratory of Electronics
Massachusetts Insti tute of Technology

Camnbridgie, MA 02139

The most common aoproacn to increasing the speed'of photoconductive
switches has beon to reduce the carrier lifetime, either by bombardment
with high-energ y ions [1] or by the use of disordered materials [2]. In

either case, the material defects, which act as centers for recombination,
may also -educe the free-carrier mobility before recombination and thus

aoproacH to Iicre-asir~g the sueed of response is to sweep the photoinduced
carriers out of '(ie naD with the aPolied voltage in a time short compared
to the'r 7hiietir~e 1,31. Here we describe the application of this technique
to photoconductive switching in high mobility silicon. With sub-micron
Dhotoconductive Qaus and carrier sween-out the resoonse time has been
reduced from 700 osec t1o 27 Dsec. Electrical pulses of more than 1 volt
have been sw~tcnej with oot~cal pulse erergies of less than a nanojoule.

The ohotoconducting samnnies used in our work were commercially
available, intrinsic ,)olysilicon films on sapphire. They were 1 .m thick,
had a lark resi!stivi-tv of 1 .99 x 109 ohms/square, and had a measured
(sum o-, electron and hole) motility of about 470 cmr2/V.sec. Sub-micron
gaps in a' uminum stri -,ines were fabricated by first using reactive ion
etching to proi uce a sharp, straight-walled steD in the silicon film
arnd then! evanoratinc a' an angle to create a qa i the shadow of the -

silicon St--r

~Ievure'er, eonse :nies wer, ,er-'Tor"ed. -is a 'Function of gap
dilmerscri nc -cv ae Dt :c1~ ectric:31  detection with
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