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A B S T R A C T

This report covers in detail the solid state research work of the Solid State
Division at Lincoln Laboratory for the period i May through 3i July i976.

I The topics covered are Solid State Device Research, Quantum Electronics,
Materials Research, Microelectronics, and Surface Wave Technology.

a 
Funding is primarily provided by the Air Force, with additiona l support
provided by the Army (BMDATC). ARPA ( MSO, IPTO), NSF. and ERDA.
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I N T R O D U C T I O N

I. SOLID STATE DEVICE RESEARCH

A GaAs p+n~n+ di rectional-coupler switch which is operable both as a passive
coupler with 98-percent power transfer and as an optical switch has been de-
vel oped. The switch is characterized by 17-dR power isolation and by con-
stant total power output (within 0.2 dB) throughout the switching-bias range.

HgCdTe photodiodes have been characterized at high frequency for use as
gigahertz-response CO2 laser heterodyne receivers. In order to evaluate de-
vice uniformity and sensitivity, the following measurements were carried out:
pulse response vs frequency, high-frequency raster scan profiles, RF noise
outpu t as a function of detector bias and frequency, direct heterodyne detection,
and blackbody heterodyne radiometry. These measurements show that it is
necessary to use high -frequency characterization to get an accurate picture of
the high-frequency performance of these devices, and that low-frequency mea-
surements can give misleading results.

A temperature-gradient liquid-phase epitaxial growth appa ratus Pbj _~ Sn~
Te has

been constructed and utilized. For the growth of Pb1 _~Sn~Te films on PbT e
subs tra tes , the imposed temperature gradient (a) does not improve the film
quality of heteroepitaxial growths in the Pbj~~

Sn
~

Te syste m, and (b) does not
have a measurable effect on the Sn/Pb ratio of the grown film.

II. QUANTUM ELECTRONICS

Low-threshold, CW lasing has been obtained In NdNa 5(W04)4, K 3Nd(P04)2, and
Na 3Nd(P04)2. Laser thresholds and efficiencies are given for these new com-
pounds. together with fl uorescent lifetimes, as a function of Nd concentration
for crystals in which Nd is replaced by La.

Substantial narrowing of the Doppler width of molecular absorption lines has
been observed in an effusive molecular beam from a capillary array nozzle
using broadly tunable diode lasers. Hitherto unresolved A-doublet splittings in
the 2 ir~~2 electronic ground state of NO have been studied.

The performance of the vibrational energy transfer lasers optically pumped by
doubled CO2 radiation has been Improved. Slope efficiencies close to unit quan-
tum efficiency and output energies up to 13 mJ have been demonstrated for the
CO-CO2 system. Laser action has been observed on a new transition in CS~,. by
pumping the fo ot level directly, operation was obtained on the IO~I — I 0 ~0 tran-
sition at 6.6 tim.

Considerable progress has been m*de in the HBr-pwnped I6-i~im CO2 laser.
The pulse energy has been scaled to 120 ~&J. In order to demonstrate that the

t 
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16-~&m laser can be made stepwise tunable, laser action in the 13C1602 isotopic
series has been obtained. The threshold for the 9.6-pm stimulating pulse has
been measured to be — 3 mJ, indicating that a rather large but conventional
sealed-off Q-switched laser would be sufficient for driving an isotopic 16-pm
laser. Kinetic measurements of the relaxation of the 16-pm lower level indi-
cate that its relaxation time is of the order of 10~~ sec at typical pressures.
As a result, high-repetition-rate operation of the laser is possible.

Experimental work on the quantum electronics of cryogenic liquids has pro- $
gressed along three avenues: (a) measurement of the vibrational kinetics of
molecules In liquid solutions, (b) observation of laser-induced photoche mis try
in several liquid hosts, and (C) measurement of the inf rared spectra of various
dopant molecules. The results indicate that laser photochemistry in liquid
media could have practical applications.

III. MATERIAL RESEARCH

In order to obtain a better understanding of the mechanism of the photoelec-
trolysis of water in cells with T102 anodes, the inte raction of absorbed H 2O
molecules with T102 surfaces is being investigated by ultraviolet photoemission
spectroscopy. Comparison of the spectra for Ar-bombarded Ti02 before and
after exposure to water vapor indicates that the H20 molecules form bonds to
the oxygen vacancies produced by bombardment.

The effect of cesiation on the work function of CdTe is being studied in order to
determine the possibility of producing negative-electron-affinity CdTe surfaces
that can be used to make transferred-electron photocathodes with a graded-gap
Hg~Cd1_ ~Te structure. In initial experiments, a reduction of 2.4 eV in the
work function of both n- and p-type CdTe has been obtained by a series of alter-
nate exposures to Cs and 02.
A preliminary study has been undertaken to assess the potential of Insulator-
metal transitions for utilization in optical switching devices such as modulators
and switchable diffraction gratings for use as variable-wavelength filters.
Modulation at 151 pm and 337 pm has been achieved with devices employing
thermally switched V02 films deposited by reactive sputtering on sapphire
substrates.

IV. MICROELECTRONICS

Considerable attention has been given to the problem of improving yields in CCD
processing. Wafers of 30- X 30-cell prototype Imaging arrays have been fabri-
cated with Improved processing techniques, and have exhibited yields of over
90 percent when tested for diode leakage end gate-to-gate and gate-to-substrate
shorts . Dynamic testing of these devices will result In a somewhat lower yield,
but th. results of static testing are very nncouraglng.

viii
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Several 30- X 30-cell prototype imaging arrays have been dynamically tested
using an electrical input signal. The capability of inserting signal s electri cally
is a useful addition to a CCD imaging device, and costs little in terms of added
device area. Electrical Inputs are simpler and more effective than optical in-
puts in setting clocking voltages for optimum operation and for measuring
charge transfer efficiency. Transfer efficiencies of 0.9998 or greater have
been measured for the output registers of several devices, and the transfer effi-
ciency for a singl e complete device has been determined to be equivalently hi gh.

impurities have been gettered from semi-insulating gallium arsenide using
silicon- and neon-ion-implantation damage and a subsequent 16-hr anneal at
750 C. The amount of gettering was determined by an evaluation of epitaxial
layers grown on the gettered samples after removal of the damaged material.
Impurity profiles of layers grown on these surfaces show a dramatic reduction
In the outdi ffusion of compensating impurities from the substrate into the epi-
taxial layer. It is possible that this ion-implantation-damage gettering will be
useful in providing better substrates for application to gallium arsenide micro-
wave FETs. In addition, because the gettering effects occur in the temperature
range for epitaxial growth and ion-Implanta tion anneals, this gettering phenom-
enon could al so be important in understanding and improving growth and anneal-
Ing p rocedures.

V. SURFACE-WAVE TECHNOLOG Y

The use of Cu L radiation for x-ray lithography has been demonstrated. For
replica ting pattern s with linewidths of the order of 1000 A, it is preferable to
use softer x-ray radiation than that obtained from the commonly employed alu-
minum targets. The use of the characteristic L radiation (13. 3 A) emitted from
a copper target inc reases the attenuation in the mask absorber pattern and re-
duces the range of randomly directed Auger and photoelectrons that are excited
when the exposing x-ray is absorbed. Because of the high absorption at longer
wavelengths , special x-ray masks with thin low-absorption membranes were
employed.

A second generation of pulse expanders and compressors has been developed
for the MASR (Multiple-Antenna Surveillance Radar) system. These reflective-
array devices generate and compress linear-FM waveforms with a duration of
150 p8cc, bandwidth of 10 MHz , and time-bandwidth produc t of 1500. The use
of bismuth-germanium-oxide (BGO) substrates allowed 150 p8cc of dispersion
to be obtained in a relatively compact device. Because of the large time-
bandwidth product, It was necessary that the pulse expanders have especially
low loss. By careful design of the transducers and reflection gratings, overall
CW insertion loss for the expanders was held to 30 dB. This provided 60 dB of
signal to noise in the expanded waveform. A complete subsystem containing
six dispersive lines ha. been assembled for the MASR system.

ix
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A dual acoustoelectric convolver for decoding differential-phase-shift-keyed
(DPSK) data has been developed for the ARPA Packet Radio System. This de-
vice decodes DPSK data which have been spread to a 100-MHz bandwidth by
means of continuously changing pseudorandorn , bit-encoding waveforms. The
bi t rate is 100 kbps. DPSK decoding is provided by splitting a standard con-
volver structure into two segments and comparing the phase of the signal from
the two segments in a sum -difference hybrid, improved packaging techniques
provide temperature stability and are compatible with commercial fabrication
procedures.

a,
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PU BLIS HE D R EPORTS

Journal Articles

JA No.

4469A Low-Threshol d Transversely S. R. Chi nn Appi. Opt. 15, 1444 ( 1976)
Excited NdP 5O44 Laser J. W. Pierce

H. Heckscher

4539 Inte rpretation of Infrared M.S. Dresselhaus * Ph ys. Rev. B 13 , 4635 (1976 )
Modulation Spect roscopy Data G. Dresselhaus
in Graphite by the
Slonczewski-Weiss-McClure
Band Model

4544 Th reshold Ambiguities in Ab- R. H. Picard * Chapter in Laser Induced
sorptive Laser Damage to D. Ml]am * ~~j~~g~jx~..Optical Material s
Dielectric Films R. A. Bradbury * (NBS Special Publication,

J. C.C. Fan 1976), p. 272 , Proc. 7th
Syrnp. on Damage to Laser
Mat erials, Boulder . Colorado,
29—3 1 July 1975

4570 Thermal Faceting of (110) and V. E. Henrich Surf. Sd .  
~7, 385 ( 1976)

(111) Surfaces of MgO

4572 Crystal Structure and Fluo- H. Y-P. Hong Mater. Res. Bull. j .j. 421
rescence Lifetime of S. R. Chinn (1976), DDC AD-A0268 1 I
Potassium Neodymium
Or thop hospha te. K 3Nd(P04) 2,
a New Laser Material

4573 Acoustoelectric Convolvers for J. H. Cafarella Proc . IEEE 64, 756 ( 1976)
Programmable Matched Filter- W. M. Brown, Jr.
ing in Spread-Spectrum E. Stern
Systems J. A. Alusow

4574 The Schottky Diode Acousto- K. A. Ingebrigtsen Proc . IEEE ~~~~ , 764 ( 1976),
electric Memory and Corre- DDC AD-A028456
lator — A Novel Programmable
Signal Processor

4576 Vibrational Energy Relaxation S. R. J. Brueck Chem. Phys. Lett. ~~~~, 568
in Liquid N2—CO Mixtures R. M. Osgood, Jr. (1976), DDC AD-A0 2 8459

4581 Surface-Acoustic-Wave D. T. Bell* Proc. IEEE €4, 711 (1976),
~~ Resonators R. C. M. Li DDC AD-A02 8460

4583 Properties and Applications of R. C. Williamson Proc. IEEE €4. 702 (1 976),
Reflective-Array Devices DDC AD-A02846 1

* Author not at Lincoln Laboratory.
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JA No.

4584 Roo m-Temperature cw Opera- J. J. Hsieh A ppi. Phys. Lett. ~&, 709
t ion of GaInAsP/TnP Double- J. A. Rossi (1976 ) , DDC AD-A02 8550
Heterostr ucture Diode Lasers J. P. Donnelly
Emi t t ing  at 1.1 ~m

4585 Infrared Third-Harmonic Gen- H. Kildal IEEE J. Quantum Electron.
eration i n Molecular Gases T. F. Deutsch QE-12, 429 (1976)

4(0 1 Uniform-Carrier-Concentration J. P. Donnelly Appi. Phys. Lett. ~&, 706
p-Type Layers in GaAs Pro- F. J. Leonberger (1976)~ DDC AD-A0Z8457
duc ed by Beryllium Ton Tm- C. 0. Bozler
plant at ion

4604 Low-Loss GaAs p~n n ~ Th ree- F. J. Leonberger Appi . Phys . Lett. ~~~~ . 616
Di mensional Optical Waveguides J. P. Donnelly (1976) , DDC AD-A027 103

C. O. Bozler

4642 Intracavity Second-Harmonic S. R. Chinn AppI. Phys. Lett. 29 , 176
Gene ration in a Nd Pentaphos- (1976)
phate La ser

46 16 Exc itation of Polyatomic Mol - D. M. Larsen Opt. Comrn un . 17 , 254 (1 976)
ec ules by Radiation N. Bloembergen *

4617 A Re-examination of the CS2 T. F. Deutach Chem. Phys. Let t. 40 , 484
Laser H. Kildal ( 1976)

4620 Observation of Two-Dimensional V. E. Henrich Ph ys. Rev. Lett . ~~~~. 1335
Phases Associated with Defect G. Dresselhaus ( 1976)
states on the Surface of T102 H. J. Zeiger

4626 High-Efficiency Ion-Implan ted C. 0. Bozler Appl. Phys. Lett. 29 , 123
Lo-Hi-Lo GaAs IMPATT Diodes J. P. Donnelly (1976)

R. A. Murphy
R. W. Laton
R. W. Sudbury
W. T. Lindley

4633 Multi strlp Coupling to SAW R. C. M. Li Appl. Phys. Lett. 29, 129
Resonators J. A. Alusow ( 1976)

Meeting Speeches

MS N o.

2951 H Conceptual Phase Diagrams J. B. Goodenough In ~~~gnetism in Metals and
and Their Application s toltin- Metallic Compoui~ds (1976),
erant Electron Magnetism J. T. Lopuszanskl .

A. Pekalski , and J. Przystawa ,
Ed s. (Plenum, New York ,
1976), pp. 35—90

4190 The Ph ysics and Equivalent R. C. M. Li In 1976 IEEE-MTT-S Inter-
Circuit of the Basic SAW J. A. Alusow national Microwave_Sy~~po-
Resonator R. C. Williamson slum D4g~~~ (IEEE , NewYork,

1g7 6), p. 280

* Author not at Lincoln Laboratory,
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MS No.

4 194 Surface-Acoustic-Wave Device J. Melngai l is In 1976 IEEE-MTT-S Inter-
f or Doppler Filtering of Radar R. C. Williamson national Microwave Syrnpó-
Burst Waveforms ~ium Dig~~~ (IEEE , New York ,

1976), p. 289

* * * * *

UNPU BLISHE D REPORTS

Journal Articles

JA No.

459 1 Doppler-Limited and Atmo- A. S. Pine Accepted by J. Mo]. Sper ’tr os .
spheric Spectra of the 4 ~m i~~ + P. F. Mou1ton
v 3 Combination Band of SO2

4611 Laser-Induced Surface Damage H. Kildal Accepted by Appl . Opt .
of Infrared Nonlinear Materials G. W. lacier

46 18 Transient InSb Spin-Flip S. R. J. Brueck Accepted by Opt. Commun.
Laser — A Measurement A. Mooradian
of T 1

4623 High-Efficiency, High- N. Me nyuk Accepted by Appi . Phys. Lett.
Average-Power Second- G. W. Iseler
Harmonic Gene ration with A. Mooradian
CdGeAs 2

4636 Selective Black Absorbers J. C. C. Fan Accepted by Appi. Phys. Lett.
Using MgO/Au Cermet Films P. M. Zavracky

4637 Phenomenologlcai Theory of S. A. Safran * Accepted by Solid State
Raman Scattering in Europium G. Dresseihaus Commun.
Chalcogenides B. Lax *

4b40 Fabrication Techniques for H. !. Smith Accepted as Chapter in
Surface Wave Devices Acoustic Surface Waves

(Spri nger- Verlag)

464 1 Distributed Feedback J. N. Walpole Accepted by AppI . Ph ys. Lett.
Pb i_ ~ Sn~Te Double- A. R. Calawa
Ileterost ructure Lasers S. R. Chinn

S. H. Groves
T. C. Harman

4643 Direc t Optl ce ’ly Pumped Multi-  M. I. Buchwald* Accepted by Appl. Phys. Lett.
wavelength (‘O

~ Laaer C. R. Jone4 *
LI. R. Fetterm an
H. R. Sch~osgberg *

4653 Tunable :ncra red Laser Sou rces P. L. Keiley Accepted as Chapter in
for (~~.oacoustic Spectroscopy Optoac~ ustic Spectroscopy

and Detection , V-I l .  Pao, Ed.
(Acad emic Press)

* Author not at Lincoln l aboratory.
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JA No.

466 1 Relaxation Oscillations In S. R. Chinn Accepted by Opt. Commun.
Distributed Feedback Lasers

Meeting Speeches ~

MS No.

4059D Photoelectrolysis of Water 1). I. Tchernev 12th Informal Conf. on Photo-
by Solar Energy chemistry, National Bureau

of Standards, Gaithersburg,
Maryland. 28 Jun e — 1 Jul y
1976

4067G Recent Advances in Tunable A. Mooradian
Infrared Lasers

Conference on Tunable Lasers
4 174A Optically Pumped Gas Lasers H. Kildal and Applications, Loen.

T.F. Deutsch Nordfjord , Norway, 7-11 June
1976

4481A Transient InSb Sp r  .Flip S. R. J. Brueck
Laser A. Mooradian

4124 Analog Memory Correlators for F.. St rn AGARE) Sympos i um . The
Radar Signal Processing Hagu e, Netherlands ,

14-18 June 1976

4 140A Photoelectrolysis of Water J. G. Mavroides

41 77A Selective Surfaces for Solar- J. C. C. Fan
Energy App! ications

4229A Zeolite Adsorption Systems for D. I. Tchernev S rmposium on Solar Energy
Solar Heating and Cooling Utilization, M.I.T. , 12 May

4268 Capturing the Sun Through T. B. Reed
Bio-Convers ion

4269 Thin-Fi lm Photovoltaic Cells H. J. Zeiger

4140 13 Photoelectrolysis of Water J. C.. Mavroides ERDA Works hop on Solar
Energy, University of
Houston, Texas, 16-19 May
1976

4169 , Ion Beam Etching H. I. Smith Electrochemical Society,
4169A Washington, D.C., 2-7 May

1976 ; Annual Symposi um on
Adva nces in Sputtering, Ion
Etchi ng and Related Vacuum
Technology, Burlington,
Massach usetts, 9 Ju ne 1976

* Titles of Meeting Speeches are listed for information only. No copies are ~ .i tlable for
distribution.
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4174 Progress in Optically Pumped T.F. Deutsch
4 CO Transfe r l asers H. Kildal

4175 Enhancement of Optically H. R. Fetterman
Pumped Far Infrared Lasing C. D. Pa rker
by Stark Modulation P. E. Tannenwald

4181 Transient InSb Spin-Flip S. R. J. Brueck
Laser A. Mooradian

4182 Vibrational Energy Relaxation S. R. J. Brueck
in Liquid N 2—C O Mixtures R. M. Osgood, Jr.

44 83  Fluorescence and Lasing Prop- S. R. Chinn
perties of NdNa5(WO4)4 ,
K3Nd (PO4)4 and Na3Nd (P04)2 Ninth International Quantum

Electronics Conference , Am-
4184 Infra red Third Harmonic Gen- H. Kildal sterdam, The Netherlands ,

eration in Molecular Gases T.F. Deutech 1 4-18 June 1976

4185 SI xteen Micrometer CO2 Laser R. M. Osgood, Jr.

4187 Sub Doppler Molecular Beam In- A. S. Pine
frared Spectroscopy with K. W. Nill
Tunable Diode Lasers

4216 The Possibility of Laser Osdil- E. Zamir *
lation in Ar- HCN Mixtures A. Szoke *

R. M. Osgood. Jr.

4300 Direct Optically Pumped Multi- M. I. Buchwald*
wavelength CO Laser C. R. Jones *

H. R. Fetterman
H. R. Schlossberg *

4177 13 Sputtered Films for Solar J. C. C. Fan Annual Symposium on Ad-
Energy Applications vances in Sputtering. Ion

Etching, and Related Vacuum
Technology, Burlington.
Massachusetts , 9 June 1976

4 177C Wavelength-Selective Surfaces J. C. C. Fan M.I.T. Alumnus Day, Cam-
bridge, Massachusetts,
4 June 1976

41 78A New Solid Electrolytes H. Y-P.  Hong Superionic Conductor Confer-
J. A. Kaf alas ence, Schenectady, New York,
K. Dwight 9-12 May 1976
J. B. Goodenough

* Author not at Lincoln Laborator~~
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4 182A Vibrational Energy Relaxation S. R. J. Brues k 31st Symposium on Molecular
in L iqu id  N2—C O Mixtures  IL M. Osgood , Jr. Spectroscopy, Ohio State

University, Col umbus,
14— 18 June 197 1

4205 Design of Reflective-Array J. Melngailis European Works h op on the
Surface Wave Devices IL C. Williamson ( A D  of SAW Devices , Bo-

J. Holtham logna , Italy, 7-9 April 1976
R . C. M. Li

4229 Solar Energy App licatio ns of D. I. Tchernev Zeolite ‘76 , Tucson , Arizona ,
Natural Zeolites 6- 13 June 1976

42 30 G a x ln i .x Asy P 1_y /lnP I)ouble- J. A. Rossi
Ileteros trueture Lasers .1. J. Hsieh

J, P. I)onnelly

4252 Distributed Feedback J. N. Walpole
Pb4_~SnxTe Double- A. R. Calawa 1976 Device Research Con-
}Ieterostructure Lasers S. R. Chinn ference, Salt Lake City,

S. H. Groves Utah , 24-2  3 June 1976
T.( .  Harman

4272 GaAs p~n n ~ Directional Cou- F. J. Leonberger
pIers and Elect rooptic Switches J. P. Donnelly

C.O. Bozier

42 36A Minority Carriers in G raphite M. S. Dresselhaus* American Ph ysical Society
6. Dresselhaus Meeting, Washington, D. C. .

8—10 June 1976

4238 Preparation of Polycrystallme J. C. C. Fan National Workshop on Low
Si Thin Films by Laser Crys- H. J. Zeiger Cost Polycrystalline Silicon
tallization P. M. Zavracky Solar Cells , Southern Meth-

odist University, Dallas,
Texa s, 4 8-19 May 4976

4238C Thin Film Photovoltaics LI. J. Zeiger ERDA Meeting, University of
J. C. C. Fan Maine, Orono, 2 August 4976

4243 Vapor Phase Growth of P. VohI
Hg1 .~~Cd~Te Epitaxial C. M. Wolfe
Layers

4244 Temperature-Gradient LPE S. H. Groves 4976 Electronic Materials
Growth of Pb 4 - ~Sn~Te and ~~~~~~~~~~~~~~~~~~~~~~~ 

of

1—y ~~ y 23—26 June 1976

4246 Electrical and Optical Proper- 0. W. Iseler
ties of CdOeAs2 H. Kildal

N. Menyuk

* Author not at Lincoln Laboratory.
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~~~ 4243A Vapor-Phase Epitaxial Growth P. VohI
of Hg1 ..~Cd~Te (0 < x < 1)I.ayers on CdTe Substrates ARPA — Materials Research

Council Meeting on Epitaxy ,
4 329 Liq uid-Phase Epitaxia l Growth A. J. Strauss La Jolla, California ,

of Lattice-Matched Galn.AsP/ 12-13 July 4976
In!’ for 1 — 1.3 ~m Double-Heterostr ucture Lasers

4254 Efficient Inf rared Nonlinear N. Menyuk Seventh Classified Confer-
Mixing with Applications to H. Kildal ence on Laser Technology,
Optical Intelligence, Coun- G. W. Iseler U. S. Military Academy,
termeasure s and Laser Radar West Point , New York ,

8—40 June 1976

4257 Solar Thermal Materials T. B. Reed Symposium on Ceramics in
the Service of Man, Carnegie
Institution, Washington, D.C.,
7-9 June 1976

4261A Defect Surface States on TiO2: V. E. Henrich 36th Annua l Conference on
Two-Dimensional Surface G. Dresseihaus Physical Electronics, Uni ver-
Phases H. J. Zeiger sHy of Wisconsi n, Madison,

7—9 June 1976

426a The Physical Properties of A. J. Strauss
Cadmium Telluride International Sympos ium on

CdTe, Strasbourg, F rance,
4280 CdTe Optical Waveguide D. L. Spears 29 June — 2 Jul y 1976

Modulators A. J. Straus s

4265A Lasing and Fluorescence in S. R. Chinn Seminar , Universitkt Ham-
High-Nd-Concentration Mate- burg, Germany, 21-22 June
rials 1976

4270 Ele ctron Spectroscopy of Sur- V. E. Henrich Seminar , Bell Laboratories,
face States In Metal Oxides Murray Hill , New Jersey,

7 May 4976
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I .  SOL I D  S T A T E  D E V I C E  R E S E A R C H

A. GaAs p~n n ~ DI RECTIONAL-COUPLER SWITCH

A waveguide switch is a fundamental component necessary for the development of GaAs-
based integrated optical circ ui ts. We report here the successful development of a GaAs
directional-coupler switch operable both as a passive coupler with 98-percent power transfer
and as an optical switch. The switch is characterized by 17-dB p ower isolation in both the
switched and unswitched state and by constant total power output (within 0.2 dB) throughout the
switching-bias range. This switch performance was found to depend on the crystallographic
di rection chosen for light propagation. The device was fabricated from a pair of closely spac”d
low-loss (cv — 4 cm ’

~ at 1.0 6 ~&m) , single-mode p~n
_
n + channel-stop strip guldes.l~Z The

switching is achieved using a schem e proposed several years ago in which the phase synchro-
nism of the coupler guides is destroyed via the electro-optic effect.3~

’5 Initial devices in GaAs
based on this scheme used planar films P A GaAs switch using metal-gap strip guides also has
been reported;7 however, this device had only about 75-percent power transfer and there was
significant power loss at switching biases.

Au Zr , — — — — 
—

s,o t 
— — — — — 

— — — — — 

— — — 
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— — — —

p*GaAn .‘
. _- 

— 
— • 

—

,ThoAs ~~~~ A u T h  _ -

— — —

Cal,

Fig. 1-i. Cross-section sketch of GaAs p 1’n n 1 directional-coupler
switch. Light is guided in the two channels between the three p~regions. Electro-optic switching is achieved by reverse-biasing
one of the outer p~n junctions as shown. The coupling length is
that of the device length, L.

A cross-section sketch of a p I
~n

_
n

I directional-coupler switch is shown in Fig. I-i. The
device has a planar structure and is composed of an fl ’f substrate, an n guiding layer, and[ three p 4 regIons: two that lie along the outside edges of the guiding channels and one that lies
In the space between the guides. These p~ regions reduce the effective guide index outside the
channels where the light propagates, and thus serve as optical-channel stops. The guides are

I
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highly synchro nous and the device lengt h is one coupling lengt h, L, so that maximum power
t r ansfer to the coupled guide could be obtained at zero bias . The optical switching was achieved
by reve rse-biasing the p~n j unction along the outside edge of one of the channels. The applied
electrt  field alter s the propagation constant of the coupled guide relative to the input guide
through the elect ro-optic effect. This reduces the coupling lengt h and the fraction of power
transfer red. To achieve opti mum switching, the applied bias was adjusted to obtain maximum
power output from the Input guide,

The n guiding layer had a concentration in the mld-10 14 czn 3 range and was grown by
vapor-phase epi taxy on a I x io t8 cm 3 n F substrate. The p~ regions were formed by a
multiple-energy Be + ion implantation 8 and have a uniform concentration of 3 x to 18 cm 3 to
a depth of 1.5 ~tm with a junction 2 ~m fro m the surface. For the implantations , a S13N 4—
encapsulation technique 9 was used, Samples we re imp lanted through a thick phot oresist mask
with doses of 2,5 X 10~~ cm ’2 at 400 keV, 2 X 10~~ cm 2 at 220 key , and 2 X 1O~~ cm~

2 at
100 keV. A I 5-mm . 900 ‘C anneal was used to activate the 13e. I~ urther details of the above
fabrication procedures are given in Refe. 1, 2 , 8, and 9. Following the ann eal , the nitride layer
was removed and the sample was coated with 3000 A of pyrolytic S102 &t 400’C. A large-area
back contact of Au:Sn was then plated. Contacts to the outside p~ regions (which were 3 mils
wide) were formed by plating Au :Zn through etched openings in Si02 and then mic roalloying.
The p +~~ junctions had sharp high-voltage breakdowns at electric fields in the punched-through
n layer of ‘-1.5 x 10~ V/cm.

The experimental arrangement used to evaluate the switches at 1.06 ~m was basically the
same as that used for the directional couplers.2 To measure switching performance ,
power output vs bias for each channel was recorded using a DC voltage source and potentiom-
eter to continuously vary the bias on the switch and to simultaneously drive the x axis of a
chart recorder. The power output was determined using a phase-sensitive detection scheme
previously described~

Devices with coupling lengths from 4 to 44 mm have been fabricated.2 The attenuation of
these couplers was only -‘0.1 dR/cm greater than that of a single guide (fabricated on the same
wafer with the coupler) having the same dimensions as one of the coupled guides. Switches
reported here had I. 7 to 8 mm. The attainment of 98-percent power transfer at zero bias
for these lengths indicates the guides are highly synchronous, with values of ~~~~ < 3 x
(Ref. 2) .

It has been found in this investigation that the switching performance of the devices is a
function of crystal orientation. Pertinent characteristics of the orientations studied are de-
tailed in Fig. 1-2. In all case s, layers grown on a (100) surface have been used. Figure 1-2(a)
reviews the well-known anisotropic etching prope rties of (100) -oriented GaAs.1° When square
mesas with sides parallel to cleavage directions are etched in a Br-Ch 3OR solut ion, two parallel
sides etch outward , appearing as shaded areas in a top view and giving the trapezoidal profile
shown here. The sloped sides are A{I1i) planes, and the (111) direction is chosen as an out-
ward norm al.11 The other two parallel sides etch inward , yielding the profile illustrated to the
right. From the defined A face, the (Ot t )  and (0~ I )  directions can be determined as shown.

Using this coordinate system, the electro—optic effect in GaAs (Rrf. 12) is illustrated in
Fig. 1-2(b). For a DC electric field E in the 1100) direction, corresponding to a reverse bias
of the p 4n ’ junction, the index increases along the 104 1 direction and decreases slong the (014 )
direction by an amount (3.2 X iO~~) E, where E is in unite of 10~ V/cm. Thus , a TE wave
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Fig. 1-2(a). Diagram illustrating anisotropic etching of square mesas
on (100) GaAs surface using Br-CH3OH etching solution. (b) Diagram
illust rating the electro-optic effect for the direction s defined in (a) . The
DC elect ric field direction correspond s to that for reverse-biasing the
p~n junction of the switch.

propagating in the (011) direction (i.e. , polarized along (O Tl I)  will experience an index decrease,
while a TE wave propagating in the ( o Tt) direction (i.e., polarization along ( 0 11))  will experi-
ence an index increase. Since the electro-opti c index changes are the same order of magnitude
as the effective guide index difference tha t maintains the lateral mode confinement , switches
fabricated for propagation along these two different orientations will have different perfor-
mance characteristics, as Illustrated In the next two figures.

Fi gure 1-3 shows typical data for a switch oriented for propagation along a (Oh ) direction.
The switch length was approximately that of the computed couplin g length IL = 8.2 mm) . The

t ! ’ ~~ i
~ -

p +p
S 1~ P

- \ “.‘..,,

~ L 
I

\ 1\ “
v 

l
irL

I’ : \/ ~~~~~~~~~~~~~~~~~~~~~

. é~ :
/\
/

_ _

~~~~~~~~~~~
::

~~~~~~~~~

—

~ 
Vcv.T~~~ (V)

Fig. 1-3. Power vs bias for each channel of a GaAs p~n n 1 directional-coupler
switch for propagation in a [OTt) direction. The diagrams to the right illus-
tr ats, from top to bottom, the optical arrangement, th. biasing scheme, and a
schematic effective -index profile.
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guides were 6 ~m wide with a 6-sm spacing, and the epitaxial  layer was 4.8 ~im thick.  As shown

in the top-r ight  portion of the figure , the light was incident in the guide furthest away from the
biased p f region. The power output vs bias from the coupled channel P~, and input  channel

are plotted along with the total power, 
~c 

+ The plot has been normalized to the total out-

put power at zero bias. As shown here, the li ght was 98 pe rcent ( 17 dB) coupled at zero bias
and 3-dB switching was achieved at —20 V. Maximum switching occurred at —30 V bias, with

97.5 percent ( 16 dB) of the total power emerging from the input channel. The total output power
decreased about 0.8 dB between 0 and 30 V bias , and continued to fall off grad ually at higher
biases.

The bottom-right figure is a schematic representation of the effective-index profile in the
switch for this orientation at an arbitrary negative bias. The two ,ugh-index regions represent
the effective index in the central guiding regions , and as previ ously mentioned , account for the

lateral confinement of the propagating light. For propagation in a (O Tt )  direction , reverse-

biasing the p+n~ junction raises the index on the left, as shown. This effectively reduces the
mode confinement in the left guide and leads to the decrease in total output power. This sketched
effective-index profile is only diagrammatic. This is especially true in the left central guiding
region where it is diff icul t  to determine the shape and magnitude of the effective index because
of the combined effects of Index changes caused by the vertical component of the fringing field
and changes induced by the electro—optic Index v~ riation directly under the biased p + region.

The effect  of the reduced mode confinement was more evident when the bias was shifted to
the outer p~ region adjacent to the input guide, For thi s case, the t7-dB switching isolation
was still  obtained, but the total power fell off somewhat more rapidly, being 2 dB down at the
optimum switching voltage. It is worth noting that this phenomenon allowed us to achieve 19-dB
modulation of the power in the coupled guide by switching between zero and the optimum switch-
ing voltage. FR y grounding the p+ region nearest the input guide, the switching bias could be
reduced so that the above power decrease was limited to -‘1 dB.)

The power-los s effect can be avoided by ch oosing the propagation along a (0 11) direction ,
as illustrated in Fig. 1-4. The switch used to obtain the data shown here had a length (approxi-
mately equa l to L) of 7.2 mm. The guides were 8 ~m wide with 4.5-nm spacing, and the epi-
taxial layer was 4.8 ~m thick. As Indicated in the top-right portion of the figure, the bias was
applied nearest the coupled guide, and the p + region nearest the input guide was grounded. The
data were obtained in the same way as that in Fig. 1-3 , and the plot has again been normalized
to the total output power at zero bias. In this case, 98-percent power division (17-dR isolation)
was achieved at both zero bias and the switching bias of about 43 V. The total output power was
constant at both switch states, and varied only —0.2 dR throughout the bias range. The small
power dip near V = —15 V is not fully understood; it could be due to a measurement effect re-
sulting from movement of mode centers toward the middle of the coupler at these intermediate
biases.

The effective-index profile is again shown schematically, and it can be seen that for this
orientation the index is lowered and mode confinement is improved. This effect , we believe,
results in the constant power output. It is worth mentioning that the zero—bias capacitance of
this switch is 35 pF, which gives a calculated RC time constant of 1.75 nsec for the device in a
50-fl system. This corresponds to a power-bandwidth ra tio13 for maximum switching of
110 mW/MHz. This shoui ’I not be an upper performance limit since a reduction of the capaci-
tance by about an order of magnitude could be realized by shrinking the width of the p 4 

regions.

4



~~~4~~IIW 2

:~~~~
_

~~~~
2

~~~~~
_\ / --  ~ ooy

~~~~ / \ \\/ N

V I I .~~L0 -10 -2~ -~~~ 40 -50

vot~TAta CV)

Fig. 1-4. Power vs bias for each channel of a GaAs p +n n + di rectional-coupler
switch for propagation in a [Ot t )  direction. The diagrams to the right illus-
trate , from top to bottom, the optical arrangement, the biasing scheme, and a
schematic effective-index profile.

In conclusion, GaAs p +n
_

n f directional-coupler switches have been fabricated in lengths of
7.2 to 8.2 mm. These lengths suggest the feasibility of integrating the switches with other
components on a GaAs wafe r of workable dimensions. Optimum switching biases achieved are

~~45 V. with 17-dR isolation in both the switched and uncwltche d states. Finall y, i t has been
found that the performance of the switches is orientation dependent , and that essentially con-
stant output power is obtained for switche s fabricated on (100)-oriented material and designed
for propa gation in a [011) direction. F. J. Leonberge r

J. P. Donnelly
C. 0. Bozler

B. HIGH-F REQUENCY CHARACTERIZATION OF HgCdTe PHOTODIODE S

Proper characterization of HgCdTe photodiodes for use as GHz-response CO2 laser hetero-
dyne receivers requires uniformity and sensitivity measurements in the operating frequency
region. Quantum efficiency and uniformity data obtained from the conventional low-frequency
(<1 kHz ) measurements are not necessarily indicative of performance in the GHz region. These
conclusions have been drawn from numerous high-frequency measurements described below
which were carried out on Hg-diffused, n- on p-type HgCdTe photodiodes.14’15 Over 100 dis-
crete devices were evaluated by two or more of the following six different measurements: pulse
response, high-frequency raster scan profiles, RF noise output as a function of detector bias
and frequency, direct heterodyne detection, and blackbody heterodyne radiometry~

5’t6 Some
unique techeiques were employed in these measurements to minimize potential sources of error
and improve reliability and reproducibility. The 3-dR rolloff frequency of the photodiodes tested
ranged from about 500 MHz to over 2 GHz. At these frequencies the heterodyne sensitivity
(MDP) of thes. devices typically ranged from about 3 X 1O”~~ to 1 X IO ’19 w,’i~iz.
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Th ree diffe rent-size photodiodes were tested: 110-~ m-dia. , 16O-~ m-dia. , and single ele-
ments of 300-~Am-dia . quadrantal arrays.17 At 77 K . their cutoff wavelengths ranged from
about 11 to 14.5 ~m. Current-voltage characteristics of typical devices revealed a l imit ing
forward resistance of 5 to 10 ii and a reverse dynamic resistance of 200 to 20 , 000 12. The
breakdown vol tage, which we arbitrarily defi ned as the vol tage at which 1/2 mA of excess re-
verse current is drawn, ranged f rom 200 to 1 500 mV. There was a strong correlation between
low breakdown voltage and long cutoff wavelength. CO2 laser sensitivity scans across the
active area of these uncoated devices indicated uniform quantum efficiencies ranging from about
0.4 to 0.7. The devices tested at high frequencies generally we re uniform to better than * 10 per-
cent over the active region , as revealed by this low-frequency measurement.

— 
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The expected frequency response of a typical reverse-biased HgCdTe photodiode is shown
in Fig. 1-5. There is very little frequency dependence up to about 50 MHz , at which point slow
diffusi on of holes generated in the n-type region gives rise to a drop in response. The magni-
tude of this drop, of course, depends upon the amount of radiation absorbed in the n-type re-
gion, i.e. , the thickness of the n-type layer and the absorption coefficient. The next effect on
the frequency response is the RC rolloff , which is found to vary as the square-root of the bias
voltage, in agreement with capacitance measurements. Transit time across the depletion re-
gion (—1 to 2 ~m wide at maximum bias) and electron diffusion to the junction from the p-type
region manifest themselves in the 2- to 10-GHz region, beyond which a 12-dB /octave rolloff is
seen.~~ The latter three effects have not been clearly resolved experimentally for frequencies
much greater than I GHz.

For sensitive lie terodyne detection, the photodiode must be Illuminated with lecal oscillator
power at levels of the order of I mW , which alters the response shown In Fig. I-S. These high
power densities (~ tO W/cm 2 ) generate high non-equilibrium free-electron densities t8 which
(a) fill the conduction band, thereby reducing the absorption coefficient , and (b) increase the
probability of’Auger recornbination.19 Roth effects reduce the quantum efficiency of the de-
tector. This non-equilibrium electron concentration can be much larger than the equilibrium
concentra tion In the n-type region (— 5 x ~~~~ cm ”3 ), which tends to shrink the depletion width
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and raise the capacitance of the device. In othe r word s, the R(’ rol loff frequency dccr eases with
Increasing local osc il la tor  power. Exact  quant i ta t ive deta i ls  of these e f fec ts  and t h e r  po ssib le
high power sa tura t ion  phenomena are not understood. They are expected to be dependent  upon
the precise energy gap of the IlgCdTe, equilibirum electron and hole concentrat ions , and junc-
tion depth , all of which vary from device to device. Thug , the only way to he certain of the
high-frequency heterodyne sensi t ivi ty of a particular device is to carry out a direct
measurement.

1. Pul se Response Measurements

Pulse response data were used to obtain the frequency response of the photodiode up to
about 1 GHz. A CO2 lase r beam , a 0.3 X 0.3 X 10-mm 3 

of (‘dTe electro-optic polar izat ion
modulator driven by a mercury switch pulser, and a sampling oscilloscope were used for these
measurements.  Examples of type of data obtained on two photodiodes are shown liv oscilloscope
display photo graphs in Fig. l-( . The two photodiodes , wi ich had similar low-frequency c harac-
teristics , were biased at 500 mV for the measurements. The device on the left shows rise and

29A— 1 21— 4 1-1-12574-i l
)V

5
.O.5V) C V Ø O. SV )

—

~ }.4___ 2ns.c 
~~~~~~~ ~~~~~~ 

2ns .c

Fig. 1-6. Oscilloscope displays showing the pulse response of two
reverse-biased HgCdTe photod iodes.

fall ti mes of less than 0. nsec , the response of the electronics. The device on the righ t shows
similar fast initial rise and fall times, but in addition has a slow ( — 3  nsec) component whi ch
represents about 1/2 of its total response. This slow component appears to be due to hole di f-
fus i on mentioned above. The relative magnitude of this 3-nsec response com ponent decreases
with increasing bias , which is to be expected since junction depletion consumes part of the n-type
surface laye r. In some devices , the relative magnitude of this hole diffusion component was
found to vary f rom 10 to 80 pe rcent over the active region. Presumably t h i s  was a onsequence
of an une ven j unction depth and/or a nonuniform depletion layer width due to carr ier  concentra-
tion iri homogenelties in the n-type layer. Low-frequency sensi t ivi ty  scans did not reveal any of
these irregul arities.

2. L niform ity at High Frequencies

Measurements of response uniformity in the high-frequency regime were made by dr iving
the CdTe electro-optic modulator with a t .2 -GHz RF source , which put a t .2 - ;Hz amplitude
modu lation on the CO2 beam. This modulated beam was raster scanned across the detectors
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usi ng conventional galva nometer si-ann ers sync hr t i n ize ) w c t h  an oscilloscope lI wl-ve r instead
of feeding the detector signa l d i rec t ly  in to  the y - a x i s  of the scope , it W~ s f i r s t  fed in to  a low-
noise , h i g h — g u n  Ii i-’ a m p l i f i e r  and a s J e c - t r i c o h  a n a l y z e r  tuned to 1.2 GIlz . The r e c t i f i e d  output
j r - i ’m the spect rum a n a ly z e r  was then fed in t o  I t i t ’  scope . l- ’igure 1-7 is an e x am p le of the r a s t e r
scan p r o f i l e s  o ht a in ~d W ‘ l i i  the  sv s t en i .  The r I i i , - , -  photographs are response P r o f i l e  S of
one of the photnd c t t - s  f rom a 3 0 0 — p m — l i a .  qu . *dran t ~~I ar ray 1 ‘~ taken at three  d i f f e rent b iase s hy
the  ceoven’ tonal  l) (  meth od .  The response is q u i t e  u n i f o r m  at all three bias l eve l s . A decrease
In  l l ( ’ t c . c l O r  c T ; ) p ’ - l an c e  w i th  in c ceasing bias is responsible for the f ac to r -o f - two  drop in si gnal
f r - urn ~ to  400 r n V ,  -~ t 1.2 GJ I z  no re.Sponse is detected unless a b ias  of about 150 mV is applied ,
and then the response is  not u n i f o r m  as shown by the lower lef t -hand photograph in l-’i g. 1-7 . The
de vice  is  s(’r 1~~l t i v e  onl y ne ar  the bonding pad. N ow as the hi is is increased to where the R( ’
r o l l o t i  i - ~ about t . .~ ( i l l z , the  response becomes very un i fo rm over the entire ac t ive  area, I n -
f o r t u na t e l y ,  th is  was not the case for all devices. Some have shown a very peaked response
t r i o !  th e p e r i m e t er  i n d i c a t i n g  an excessively deep junct ion.  Others have shown a graded re-
spoii .e  s i n i t l a r  I )  the 15O-m\  scan, possibly due to an excessive  sheet resistance in the n-layer.
.U i c t  h a l f  t~~ ’ li’ v ic e s  T e s t e d  v-crc uniform at 1.2 GHz. Generall y, most of the dev ices from a
givt  n f ab r ic at  i - n  con had s i m i l a r  prope rties.

3 ~O( iSe  \ l e i t s t i r er n en t s

Since good heterod yne sensi t iv i ty  requires local oscillator shot-noise-limited operation ,
po ten t i a l  n o i - ,e soot- c-es  must  be examined.  A re la t ive l y s imple test for excess noise is a mea-
surement  c f noise  as a f on c t i n n  of de tec tor  b ia s .  This is easi l y done by connecting a hi gh-gain ,
low - no i se  p r eamp l i f i e r  to tl-i e photodiode and measur ing  the amp l i f i e r  output  noise wi t h  a crystal
l e t e (t i , r .  1- i g u r e s 1 - 5 ( a )  and -8(b)  are resul ts  of such m e a s ur e m en t s  which show the total  noise

power ovei-  the ampl i f i e r  b andwidth as a func t ion  of det ec to r  bias for a t~~~ical HgCdTe photo-
diode. In the case of Fig.  l - R ( c ( .  the p reampl i f i e r  had a 0 .1- t o  0 .5-Gl lz  b andwidth and an av-
erage noise  f ig u r e  of about 2 . 1 d l i , whereas in Fig. 1-8(h)  a 0, 1- to l .5 -(dlz  bandw idth pream-
p l i l i e r  v a s  used wi th  a 4 .5-d 13 average noise f igure .  The four curves correspond to d i f f e ren t
le ve ls of CO , local oscil lator  power ( f rom zero to 1. 3 m W )  as indicated  by the photocurr ent s .
V~tth the local oscillator off , the noise level is independent of bias from zero to 0.3 V , then in-
(-i-eases slowly with bias to about 0.7 V where a large in c - i  ‘ase occurs. The la t t e r  effect  is
clearl y i n d i c a t i v e  of ava lanche  breakdown, (‘u r ren t -vo t tage  characte r i st ic  of thi s  photod i ode
indicated a ‘ soft ” breakdown typical of most devices, wi th  a break down voltage las defined
above)  o f  350 m~~. The slow increase in noise  beginning ~ 0.3 V apparently associated with
t h i s  soft l c i ’e akdown  could be a resul t  of s m a l l  localized avalanche regions in the device. In
general , the c ur i - e n t -v o lt a g e  c h a r a c te r i s t i c  is  not a reliable indicat or  of the bias-dependent RF
n I h -ic component. Devices with nearl y identical I -V  charac te r i s t i c  have shown great ly diffe rent
RI” noise- vS-bias  cu i’v ~~s, ‘I’he d e v i c e  of l”ig. 1-8 is typical , i. e., othe r devices have shown
st rongel’ o r - we ’ake r bias dependenc e.

W i t h  the (0
2 local osci lla tor  focused to a 60- to SO-p m spot d iametci -  on the device , the

no ise  level inc - cea sed  s ig n i f i c a n t l y, p a r t i c u l a r ly  when the 2. 1-dB noise fi gure preamplifier  was
used . The dr o i c  in shot noise at low bias is a consequence of the d e t e c t o r  bandwidth being less
than the ampl i f i e r  bandwidth. Also, lit drop across the series resistance in the detector de-
creases the t ’t f ec t iv e  Junc t ion  bias. The decrease in shot noise wi th  increased bias in the
S . f - m A  curve in Fig. l - M i : t )  is a consequence of a decrease in RI” impedance of the photodiode.

-I-
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h i t  shot noise seen with the 2. 1-d13 a m p l i f i e r  agrees with that calculated , whereas with the
4 . 5-dil  a m p l i f i e r  the shot noise observed is about 40 percent less than calculated , indicating
that the detector bandwidth is less than the 1.5-GIIz amplif ier  bandwidth. In some devices, the
shot noise varied considerably when the local oscillator was moved over the active region of
the device. The position on the detector at which m a x i m u m  DC photocurrent was obtained was
not t i e  p o si t ion of maximum shot noise and heterod yne sensit ivity.  The reason for th i s  behavior
in sou -cc devices is not fully understood.

.-~n example  of the frequency dependence of the shot noise obtaine d with a spectrum analyzer
is shown in Fig. 1-9. The RC rol loff of the device is obtained from thi s measurement. The mea-
surement , however , is not sensitive to the e ffects of hole and electron diffusion on the frequency
response. Heterod yne sensitivity cannot be deduced from these data as the hi gh-frequency, dif-
fe rent ia l  quantum efficiency at the particular local oscillator power level is not directly indicated.
Nonetheless , it is a convenient way of measuring the RC rolloff , which for the device of Fig. 1-9
is over 2 Gllz.

3’-
‘I  4 ( 5 (
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~REQUENCV ( OH, )

-1 . l leterod yne Beat Measurements

Direct  heterod yne sensit ivi ty measurements  were carried out using a g e r m a n i u m  acousto-
optic modu la to r  to generate a second coherent beam , of fse t  in frequency f rom the ( 0

2 output .
- - 1 4 1 8 2 0This technique has many advantage s over othe r direct heterodyne measu remen t s  reported. -

The sideband generated by the acousto-optic modu la to r  is d i f f r a c t e d  away from the inc ident  beam ,
producing a highly isolated sideband. The diffracted optical power is l i n e a r  w i t h  RF  i np u t  power
(at low power levels) , enabling precise attenuation of the opt ical  beam w i t h  c a l ib ra t ed  RF ctten-
uators.  The modulator has a d i f f rac t ion  eff ic iency of about 10 percent h e r  wa t t  of R F  power~
thus , it can produce suff ic ient  sideband power to make o p t i c a l  a l i g n m e n t  r e l a t i ve ly  s imp le. An
optical sideband offset by 80 MHz was produced by passing the optical beam th roug h t he 4 0 - \ l l i z
modulator twice. This moves the optical beat frequency away f rom the R1- generator  f requency
and e l iminates  potential crosstalk. In the measurements, the unmodula ted  ~~~ beam and the
sideband were mixed on a beam splitter and focused to a 60- to 8O-p m-d ia .  spot on the de tec tor .
W i t h  the local oscillator beam blocked , the sideband power was measured by the  photocurrent
produced in the detector. A precision 40-dR a t tenua tor  was then inserted between the modulator
and the RF  driver, which dropped the optical sideband power by 80 dEC to a level of the order of

W . lieterod yne sensitivity was then determined s imply  from this  d i rec t ly  measu red  h c ) w e r ,
the s ignal- to-noise ratio of the beat signal , and the IF hac~dwidth.  ‘l’he detector  a rea  and the
t ransmiss ion  of the optics do not enter into the sensi t ivi ty  calculation. l’hotodiode heterodvne

40



m i n i m u m  de te ,- t a l c i e  powers deduced f rom these m e a s u r e m e n t s  t y p i c a l l y  r : t n g i ’c I  from 3. 0 ±
1) 6  10 20 to about I 10~~~ W ” I l z .  \~e are in the process of R I  mat  ~h i n g  t o  th e  seventh
harmonic  of the acous t ic  t r ansducer  in order to generate a 560- M I I I  c J c t  i c - a l  s c c h ’ t c a n c l  and re-
peat the above measurements  closer to the ro l loff  f requenc ies  of the detectors .

S . Blackhody If eterod yne Rad iomet ry

l3lackbod y heterodyne radiometry has been used prev ious l y to measure  d e t e c t c c r  Sen s i t i v -
ity.15 ’ 2 1 However , by simply i n s e r t i n g  b in RF  sweep osci l lator  b ind mixe r  in the d e t e c t i o n  cir-
cuit , heterodyne Ml)P can he direct ly  measured as a function of f requency.  I~~x cep t  for response
u n i f o r m i t y ,  this  gives -i l l  the c r i t i ca l  pa ramete r s  needec~ f cc r  most heterodyne r ece ive r s .  The
measurement  system is t h o  sant e hIS tha t  descr ibed prev ious ly 16 for heterodyne spectroscopy
measurements, Instead of p l o t t i n g  heterod yne signal vs f r equency  on the x -y  recorder , si gnal
to noise was plotted vs frequency by using the noise output  option of an Itha co I)ynatrac lock- in
ampl i f i e r  and a ra t iometer .  Figure 1-10 is an example  of these data taken in two 100-sec fre-
quency sweeps of 0. 4 to 2 GHz and 2 to 4 Gllz .  The fa l l -o f f  near the end of the 0.4-  to 2-GHz
trace is a result of the 0. 3-Gl lz  resolut ion used. The device shows a cutoff  frequency of about
1.2 GHz.  An effective quantum eff ic iency li i ) cc i  d evice land p r eamp l i f i e r )  can be calcula ted
from the measured signal to noise using the theore t i c -a l  expression for the signa l - to -no ise  ra t io
of h la ck hod y heterod yne detection ,22

S/N = 2’l (B T ) 1 “~ T~
/h .xp  (hp /k T I — IJ

where B is the RF detection bandwidth , r is  the P o s t - d e t e c t i o n  i n t eg ra t ion  t ime , T is the
temperature of the blackbod y source , and T

~ is the t r a n s m i s s i o n  of the optics between the
source and detector. The effect ive quantum e f f i c i enci e s  obtained for most of our devices were
in the range 0.5 * 0.1 to 0. 15 at 750 MHz. The best values are in agreement  w i th  the r e su l t s
obtained with the acousto-optic modulator. Heterod yne radiometry has  the advantage of a very
wide bandwidth capability, being limited only by the R I - ’ components used to proc -ess the  heten ’o-
dyne signal.

Fig.  1-10. Blackbod y heterod yne signal- 

it .4 .u isi l

to-noise rat io as a f un c t i o r  of frequency.

0 2 4

FREQUENCY iON,i

Six measu rements have been described for high-frequency characterization of Gu i-response
HgCdTe photod lodes. Extensive device evaluation has shown that low-frequency uniformity and
quantum efficiency data are not reliable measures of hi gh-f requency performan c e ,

D. I .. Spear s
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( . i ’K\1l ’ l - :t t . ~ ii 111:—GRAD IE NT I. I-’E GR OWTH OF Pb 1 ~Sn~ Te

A t empt ’  i a t u r e — g r a t l i c ’ o )  growth apparatus  for li quid —p hase e p i t ax y  ( I  .l ’I ’ 1 has been c c c i i  —

St r c i c t t . c l .  Gro w t h  of l’b 1 ~
Sn

~
Te alloys wi th  th is  appara tus  demonstrates  that  the indu t -ed  t e r n  -

i c e  r a ture  gi - c d i o ’ i i t  ( 1 )  does not improve the growt h qual i ty  of heternepitaxial  growth in the
Pb 1 Sti l t ’ sy st e m , and (2 )  does not have a measurable effect  in the Sn/Ph rat io of the eja-
t , i x i a l  growth.

Very  favorable  results have been reported for LPE growth under conditions of a -st rong tem-
perature gradient  normal to the substrate-solution in ter face .23 27 These are most  r ead i ly  in-
terpret - c l as being due to an increased nucleation dens i ty  that  occurs from an enhanced super-
satu ra t ion  of the S c h t c i t  ion , at the growt h in te r face , caused by the t empera ture  gradient .  The
present stc i c tv  was  undertaken because relatively l i t t l e  supersa tu ra t ion  of the Ph-Sn r ich g rowth
solut ions is l c c c s s i l ) l e , and efforts to obtain greater supe r sa tu ra t ion  generally have resul ted in
improved growth.28 This , in tu rn , has resulted in improved performance of d iode  lasers  fab-
r icated f rom the I ,PE growth. A second reason for this study was to explore the possi bi l i t y
that  the Sn/Pb rat io in the grown solid is a function of the temperature gradient , a ~c o - s s i b i h i t ’ c’

suggested by a discrepancy, to be explained below , between our liquid-solid t i e - l i ne  data and
those reported by Harris et al. ,29 taken with the apparatus reported in Refs. 24 and 26.

GRAPHITE SLIDER hiLLt~l~5n2 iI.so..uic o.i
I. SUBSTRA T E

~t
1
~T ’ y ~ ~~I ‘ PYREX / iNOiNG TUBE

200A A,, r “ ‘ GROWTH TUBE

GAS FLOW

Fig. I - l i .  I)rawing of the temperature -gradient LPE apparatus featuring a radial
flow of cooling gas. Fit  between gas flow tube and growth tube is t ight  enough to
prevent leakage of cooling gas into the fu rnace.

Figu re I - l I  Is a drawing of the temperature-gradient I P E  apparatus. By using a trans-
parent furnace , whe re the insulation is a thin, reflecting laye r of gold on the inside diameter
of a Pyre x tube ,3° it Is possible to fabricate and assemble an apparatus in which the cooling gas
ente rs radially and , thus , does not introduce the large horizontal temperature gradient that
would be present If the cooling gas were brought down the bore of the fu rnace. To insu re low
thermal resistance between the cooling tube and the substrate, a thin piece of graphite (1 mm)
is used for the substrate holder , and this is pressed into good contact with the cooling tube by

- - ~~~~~~~~ ~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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a t w i s t  of the eccen t r ic  thermocoup le tube. Precis ion 0. 1). and I. I). tub ing  is used in the cooling

assembly t o  prevent the escape of gas into the furnace,  The t c c c r c  of the flow tube is 3 m m .

~i, i t h  r n c c d e ~~t pressures of 5 to 10 psi , i t  is  possible to  get sizeable gas flows cci — S I / m m . which ,

in turn , ~c i- c HI cc I L ’ IC rope r a tu  i c  p t a d  ( i ’  n t  s e s t ima ted  to be between 5 • and 10 ( ‘ c rn

To t e s t  the t I l t ’ - !  cc l  the induced  tempe ra ture  gradien t  on growth  morph ol ccgy,  l’lt 1 ~~
n
~

’Fe ,

wi th  x 0.1 ~~, ~ his g rown on l bTe s c i l c s t  r a t e s  misor ienta ted  by ,~~ or mor e f rom the (1 00 1 p la ne,

In it i a l  growth St u t l i c ’ - (  in an h c l c l c , h  r a t  is w i tb t > u 1  the  induced tempe rature  g rad ien t  showed that  thesi-

c c u c l i t c c c i i s  c c i i s i c , i i ’ i i t l v  produce t e r races  or h i l l s , as shown in l-’i g. 1— 12 ( a ) ,  I sc of an r n c r ’ t ’ a — c i n g

t l c c w  c i i  c t i c c l i f l g  g , c .~ t i c  t i ) i c h ~ bI t i ’c t c pe r ha i i iz’ e  gradient  and to m a i n t a i n  a constan t  - - 
m c c c .  t c c c c l i p t g ~

.‘ the r t - s c l t  st c c c w r i  in I i g .  1-1  ~ ( b I  which are comparable to those Fig. 1— 1 2 ( a ) .  A i c i c I  I c h i l  c c i i

c c i  la rger t e r c c l c t ’ i - t I  d i e g i - a c l u - i l t s  I c y  h ig her gas flows gave roug her growth.  W i t h  ~‘er ’,’ high  ‘h oc’s

ct cooling gas, Sn d r tcp lc t  s c le ’ , c l c c i c e d j  O S  a g rowth  i m p e r f ect i o n . 31 The conc lus ion  d r h c a  i i  f r o m

these r e su l t s  i s  t h a t  the induced tempera ture  gradient  does oot i m~b i - c c v c ’  g r o w t h  qt c ah c l v  c c i ’  t t ie

case of 1’lc ~ — 
Sii lc ’ grown on Plc ’l’e. One may speculate  that  e i t h t ’ i ’  the induced t e ’ n i ) c ’ r a )  cire

p r a c h i e r i t  ( I c c i ’~ i ) cct  i i i c ’rea s ( (  the super -sa tu r a t i o n  at  the growth in te r face , c i’  t l i h c t  a g rea t  i ’ r d t ’  gri t ’

cc! su p e c - s d t u t ’ h ct 1 c m  and higher nuclea t ion  d e n s i ty  will not cure the pa r t i cu la r  g rowt h  cl i ’

have chosen t c  c t est.  Some support for the la t te r  point of vu ‘w comes from Ii i ’  c c ) c S c -  c i t  c c ci t h a t

-smooth growth  is obtained e i ther  by m a t c h i n g  l a t t i c e  c ’ c c n s t h l i i t s  of the e p i l a v c ’r  and the  subs t r a t e ,

or by having a growth surface a c c u r a t e l y  oriented f c c  the ( 1001  p lar e , an t ’ x h u r u p l c ’  of wh ich  i s

shown in Fig. 1— 1 2 ( c ) .  These are a c t c c r s  that , p r e s u ma b l y, do not in c r c ;c se  the  n u e l e h u t i c i n  d i n —

si t s ’ . This  would leave open the po ssibi l i ty  tha t  the t emperature  gradien t  . c i c p , c r ; i t c c s  chin im p r o v e

growt h in eases where  a low nuclea t ion  d e n s i ty  l i c i i l t s  the gro~-t l i  q u a l i t y .  Gi-o w t l c  of PbS and

l o t  F’ig. 1—1 2 .  Micrographs  of th re e  1.1’ E growths
of Pb 0, 88Sn0 12 ’re a p p r o x im a t e l y  I ~ p m t h i c k  on

I - 
- PbTe substrates. Growth was i t i c t  c i t c i  c t P

640 (’ . (a)  Zero induced g rad i en t , cm mi l l i ’ m c l k ’ r
programmed to cool at 0. 3’r/ min . c t c (  Furnace ’

~ held at cotistant temperature flow of cooling gas
- induces gradient  and cause s su bs t ra te  to cool

~~~~~~~~~~~~ at 0. 3 ’C/min. Surface roughness is com p a r a b le ’

~~~~~~~ to that shown in (a ) .  ( c - I  Very smoot h growth

4 produced by eithe r ( a) or (b )  c c c i i c l i t i c c n s  when
growth plane of substrate is accurately aligned
to (1, 0 , 0), here obtained by growth  c ci i  a facet
f rom a vapor-grown crystal.
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l’bS 1_ x Sex on PbS may he - sui t -h  a c ase because of the re la t ive ly  poor qua l i t y  of etched PI~S sur-
t i m es. E x p e r i m e n t s  u i’e lcla flfled to t e s t  the g rowth of these alloys in the t empera tu re -g rad ien t
apparatus.

Fi gure 1-13 sh , c w s  li qu id- so l id  t i e - l ine  data r e l a t ing  the Sn/Pb ratio in the li quid to that in
the grown solid.  The c t l c i ’ t c  t r i a n g l e - s  are 11( 110 from our ear l ie r  work in an appara tus  w i t h o u t  an
induced t empera tu re  gradient .  The solid lines , in poor agreement  wi th  the t r i a n g l e s , resul t
f rom a m o d i f i e d  s imple so lu t ion  c a l c u l a t i o n  by workers  hi t  the Rockwell  Science (‘ enter.29 This
c , i l c ’ i i l a t c c u n  use s c ’n ip i r i c a l ly  de t e rmined  in terac t ion  pa ramete r s , and fits the Rockwel l  experi-
m e n t a l  c t h i t h t  (not shown) well  enough in the region shown to be taken , for purposes here , as a
ccc i’ve th rough  the i r  expe r imen tal  points. rhe pr imary  d i f f e ren -e between our growth technique
and t h a t  ot the Roc ’kwej l  workers  was the i r  use of the indu -ed temperature  gradient  technique.
i ’lit ’ e l m - i that  t h i s  could in f luence  the Sn/Pb ratio in the solid g a l l s  some plausibi l i ty  from the
Li c t  t ha t  I l I -  growth of G c c \ l A s  by l’elt ier  cooling apparently produces d i f feren t  behavior of the
A l  ( , i  ra t io  t h a n  convent ional  I l ’ l -  growth ,32 and the Peltier cooling also produces a tempera ture
g r a d i ent at the suhst  i’ a t t  5o! t ct  ion i n t e r f ace .

A l l  g r o w t h s  made in the present s tudy were from a solut ion w ith  a Sn/Pb ratio of 0,22/0 .78 .
The grown l aye r s  were analyzed by electron microprobe, and the resul ts  are shown as solid
t r i a n g l e s  in Fig. 1-13 . The three points  with  ~ 0.12 come from the growths shown in Fig. 1-12
w i t h  ~

°C ‘ nun  c i c oh i ng ;  the highest and lowest of these were grown wi th  the induced temperature
g r h u c t i e n t .  ‘l’he three points w i t h  ~ ~, 0.12 were grown , in order ci i  decreasing ~~ , at 2 C ’  ‘nmj f l
c a u s ed by t h e  cooling gas , at 3 ~C/min. caused by a h igher  flow of cooling gas , and at 3 C/min.
j c r c c g r a n im e d  on t he  controller and no induced gradient .  The maximum unce r t a in ty  of the micro-
l , c d c b u ’  d e t e r m i n a t i o n  of ~ cs  ±0,02 ; w i t h i n  that , we can apparently detect some dependence of ~

~~~~~~~

0 O i O  0 2 0  030 040

0 -SOLU T I O N 1
~~ t~~u k ) t , ,  Ti

Fig. 1-13. l i quid-sol id t ie - l ine  data for the Pb-Sn-Te system
showing discrepancy between our data and those of Ref. 29.
l ines are from calculation of Ref. 29 . hut give a good fit to
the experimental data of Re f. 29 . Open triangles are from our
previous work in a conventional apparatus. Closed triangles
are from the present work with the tempe rature-gradient ap-
pa ra tus ,  The scatter of the solid triangles cannot be explained
by cooling rate or amount of temperature gradient; it is attrib-
uted to the uncertainty in the electron microprobe determination.
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on rate of cooling but not on the induced temperature gradient. In any case , the range of values
we observe definitely falls outside the results of Ref. 29. This has motivated the Rockwell
workers to make a redetermination of the tie-line data with the growth apparatus that is pres-

¶ 

ently being used and which does not use an Induced temperature gradient . Their new data are
in agreement with ours in Fig. ~-i i  to within experimental uncertainties, but the reason for the
di screpancy with the earlie r work iii  still unknown. 33

In conclusion, a temperature-gradient I.PE apparatus has been constructed which permit s
a la rge temperature gradient normal to the substrate-solution interface with minimum unwanted
gradients along the bore of the furnace. Tests with the Pb 1 ~Sn~Te growth show that the Induced
gradient does not improve growth morphology ove r that obtaine d by state-of-the-art conventional
techniques. Experiments on the growth of PbS1 ~~~~ alloys with the Induced temperature gra-
dient techn ique are planned. Finally, the induced temperature gradient does not measurably
affect the Sn/Pb ratio of the grown layer, and thus ‘Joes not explain the discrepancy between the
currently accepted tie-line data and those obtained previously using the temperature-gradient
growt h technique. A more detailed account of this work has been submitted for publication.

S. H. Groves
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II.  Q U A N T U M  E L E ( ’ T R O N U S

A. FLUORE SCENCE A N D  LASING I ’ROPERTIES OF NdNa 5(W0 4 )4,K 3Nd(P04
)2, A N I )  Na 3Nd(P04

)2
We have studied fluorescence and Easing in three new materials containing Nd as a

stoichiometric consti tuent . ‘rhe crystal growth and structure (tetragonal , 14 1/a) of the firs t of
these , NdNa 5(W04 )4 (Nd sodium tungstate , abbreviated NST) , have been reported by h ong and
Dwi ght.1 U s i n g  col l inear  excitation by a CW dye laser tuned to the 0.58-ti m Nd 3

~ absorption
band , we have achieved lasing in NST crystals approximately 0.5 X 0.5 mm in area and 0.1 to
0.2 mm long in the lasing direction. Threshold absorbed powers as low as 330 ~W and optical
power conversion efficiencies up to 22 percent have been achieved using a 1.1-percent trans-
mit t ing output mirror. With crystal losses of “-1 percent , determined by analysis  of the laser
relaxation oscillations , a maximum exter nal power efficiency of 28 percent is calculated for
0.S86 -~ m exci tation and 1.1-percent output transmission.

From the measured threshold power and the values of the laser saturation parameter ob-
tained from the relaxation oscillations , the peak laser cross section at 1.063 ~om is estimated
to be S to 10 x 1o 19 cm 2 , considerably larger than the maximum cross section of 2 c 10 ’~’~ cm 2

in NdP 5O14 (Ref. 2). Calcula tion of the cross sections from fluorescence (I”ig. El-I) and absorp-
tion data gives a value somewhat smaller tha n the above estimate , but is subject to large sources
of error. Although the Nd concentration in NST (2.6 x 1021 cm 3 ) is considerably lower than
that in NdP 5O14 (3.9 x io21 cm 3 ), the absorption coefficient of pump radiation in NST is
“200 cm 1, resulting in well over 80 percent pump absorption in crystals only 0.1 mm thick.
The large emission cross section , low threshold , and strong pump absorption in NST compare
favorably with these parameters in other high-Nd-concentration laser compounds , making NST
an attractive candidate for further laser device development.

~~ tt*st
fl

Nd N. 5 ) 504
300 5

0 O ~ 054 050 052 05 c O O  07 09
W A V E L E N G T H  ) 5m )

Fig. I l - f .  Pblarlzed room-temperature fl uorescence spectra of NdNa 5(W04 )4 .
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Fig.  11-2 . J~’Iuorescent lifetime , T , and normalized quenching rate ,
q~ , of the ‘F 312 level in Nd~ Lai_~ Na 5(WO4 )4 as a function of frac-
tional Nd conc~ntration, x.

‘11ij4jj- i K~ Nd ,, Li ,,, ~~~~ 13
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Fig. 11-3. ~ luoreacent lifetime , r , and normalized quenching rate ,
q~ , of the ‘F312 level in K3Nd~~L.ai_ ~~(PO4 )2 as a function of frac-
tional Nd conc~ ntratton, x.
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We have also studied the spontaneous emission as a function of Nd concentration in single
crystals of Nd~ La 1 Na 5(W04 )4 for which the data are shown in Fig. 11-2. The 4 F 3/2 fluorescent
l i f e t ime is quenched from — - ‘220 ~sec at low Nd concentration to 90 ~sec at x = 1. For values of
x above 0.1 to 0.2 , the fluorescence quenching rate increases l inearl y with  x , in a manner s imi -
lar to that observed for NdP 5O14 (Refs .  1, 3) , LiNdP4O12 (Re fs. 4 , 5), and NdAl 3(B0 3

1
1 (Ref ,  6).

[‘he other new materials are two ort hophosphates K 3Nd(P04 )2 and Na 3Nd(I’04 )2 (abbrevi-
ated KNOP and SNOP , respectively), which are g rown by a flux method and have similar struc-
tures. t’he space group for KNOP is monoclinic , P2 1/m , with lattice parameters a 9.532 A ,
b -

~ 5.63 1 A , c = 7.444 A , z 2 , and ~i 90.95” . giving a Nd ion concentration of 5.0 X ~~2 1 cm ”3.
This material , like NdP 5O14, LiNdP4O12, and KNdP4O12, has Nd ions linked by phosphate
groups. However , unlike these materials in which corner-shared phosphate tetrahedra connect
only two Nd ions , KNOP has single PC4 tetrahedra connecting three Nd ions , with some of the
phosphate groups sharing an edge with a neighboring Nd. Such coordination gives a layer-like
structure with sho rt Nd-Nd nearest-neighbor separations. As shown in Fig. 11-3 , the 4 F 3,,2
fluorescence lifetime decreases f rom 458 ~sec in K3Nd 0 005La0 995 (PO )4 to 21 osec in KNOP ,
and a logarithmic- plot of quenching rate vs Nd concentration shows a high-concentration
slope of — ‘ 1.3 rather than — 1.0 , the value fou nd for most other slightly quenched h igh -Nd-
concentration laser compounds.6 This change in concentration dependence may result from the
different Nd coordination in KNOP.

The largest crystal of KNOP that has lased is 0.7 mm long in the lasing direction. The

threshold (fo r a 1.1-percent transmitting output mirror)  was 7.5 mW , and the power conversion
efficiency was 17 percent. The maximum cross section at 1.055 ~sm is estimated to be 6 to

S x to 20 cm2 , in good agreement with results from fluorescence data (Fig. 11-4) and absorption
data. The pump absorption coefficient , 50 cm ”1, wa8 much smaller than that of NST.

The crystal lattice of SNOP (space group possibly Pbcm) is a slightly distorted super-
structure of KNO P, with a- and c-axes double , and b-axis triple , those of KNOP. Its lifetime
behaves similarly to that of KNOP, decreasing from 359 ~sec in Na 3Nd 0 005 La0 995(P04 )2 to

[is-e .i345. I

I\
•
‘I,. —

~~~ S

cc

WAVELCNGTH (501 )

Fig. 11-4. Pola rIzed room-temperature fluorescence spectra of K3Nd(P04 )2.
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23 ~isec in pure SNOP. Al though lasing has been observed in SNOP , poor crystal quality has
so far  precluded a quantitative comparison with KNOI’.

S. IL Chinn
H. Y-P. Hong

B. SUBDOPPLER MOLECULAR BEAM I N FR A R E D  SPECTROSCOPY
V s l ThI  TUNABLE DIODE LASERS

Doppler-broadening of spectral transitions in an ordinary gas obscures many fine structure
details and masks some impo rtant molecular interactions. It is necessary therefore to reduce
the Doppler-broadening to observe these phenomena. In this  regard two genera! spectroscopic
techni ques capable of sub-Doppler resolution have been developed — first , atomic or molecular
beam spectroscopy and second , nonlinear saturation spectroseopy. Nonl inear  saturation spec-
troscopy includes Lamb-dip, level-crossing, two-photon , and modulated-population spectros-
copy involving two counterpropagating laser beams of which at least one needs to be intense
enough to saturate the population of the levels for the transi t ion studied. Examples of these
types of spectroscopy are too numerous to list here , but they have pr imari ly been accomplished
with fixed-frequency gas lasers in coincidence with a few molecular and atomic transitions.

Such rel iance on spectral coincidences for nonlinear spe c troscopy has been obviated recently
in the visible with the advent of tunable dye lasers. However , in the infrared , the broadly
tunable lasers, such as the semiconductor and spin-flip Raman lasers , parametr ic  oscillators ,
and other nonlinear optical devices , do not generally satisfy the combined requirements of
narrow linew idth , high power , and feedback insensitivity to the counterpropagating light for
saturation spectroscopy. To the present, we are aware of only one successful demonstration

of nonlinear spectroscopy using tunable infrared larers — a Lamb-dip measurement of water
vapor with a spin-flip laser by Patel.7 On the other hand , molecular beam spectroscopy. where
the Doppler-broadening is reduced by Simp ly propagating the light transverse to the molecular
flow , would seem to be a more widely applicable technique for the non-ideal tunable infrared
lasers available. We discuss here the use of tunable diode lasers to study sub-Doppler .\ -

doubling in a nitri c oxide beam.
Molecular and atomic beams have been probed in the v isible , again with fixed-frequency

lase r coincidences , and with tu nable dye lasers using sensitive fluorescence detection. In the
infrared, the fluorescence method is less appropriate because of the weakei- excitation sources ,
lower fluorescence efficiency, and less sensitive detectors. Therefore the recent demonstra-

tion of molecular beam absorption spectroacopy by Chu and Oka ,~ employing a series of effusive
mult i tube collimators for the study of Nil3 and 13C113F beams with N10 and CO2 lasers, is of
great interest to molecular spectroscopists. Here w’e discuss the properties of a simplified
version of the Chu and Oka scheme to probe NO with tunable diode lasers. We note that supe r-
sonic molecular beams, which have been actively Investi gated for spectroscopy recently, also
have sub-Doppler capabilities , although the emphasis to date has been the dynamic cooling of
the gas for simp lification of very complex spectra. Straightforward coolir.g of ordinary gas
cells to reduce the Doppler effect is also possible, but vapor pressures usually become pro-
hibitively low at the necessary cryogenic temperatures.

1”l gure 11-5 shows a schematic diagram of the molecular beam apparatus. Four multitube
c ollimators are aligned wi th  their 0.5- X 2-cm unmasked areas spaced by 2.5 cm. A PbS Se
diode laser beam 10 double passed transverse to the molecular beam for an effective path of

V
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Fig. 11-5. Schematic diagram of molecular beam apparatus.

16 cm. The laser is weakly focused (~~f/ 50) inside the chamber about 0.5 cm below the colli-
mators to conform to the molecular beam dimensions. The multitube gas collimators are

~!las5 capilla ry arrays , obtained from Galileo Electro -Optics Corporation , and are shown mag-
nified in the inset of Fig. 11-5. The individual pores are 5 ~im in diameter and 2 mm long; the
open active area in the honeycomb is —40 percent of the total area. The capillary array is
manufactured by repetitively drawing and fusing a packed bundle of glass-cladded glass-core
fibers and etching out the special core after cutting, polishing, and masking the blank to the
desired dimensions. These large -area arrays are necessary to give an intense enough molec-
ular beam to produce measurable absorption. A driving pressure of f rom 0.1 to 1 Torr is
used behind the collimators and a fast 6-in, diffusion pump below maintains a low backg round
pressure of less than 10~~ Torr.

As depicted In Fig. 11-5 , the collimation of the molecular shower is not perfect; this fact
is chiefly responsible for the present experimental limit to the Doppler reduction. Figure 11-6
shows the actual angular distribution of a helium beam measured in this apparatus using a
colli mated collector at the input to a helium leak detector. A portion of the spread shown here
is contributed by the angular resolution of the collecto r , which is. .~ tube of 0.5 mm inner diam-
eter , 1.3 cm long , pivoted at a radius of 3.5 cm from the collimator; the divergence shown here
agrees roughly with the residual Doppler-width observed spectrally. The theoretical beam angu-
lar distribution Is also plotted under the assumption of effusive, resistive ( Knudsen) flow and no
interaction between beams from_adjacent capillaries. The angular hall-width is given theoret-
ically8 by 0 FWHM 10 ö,[n0r 2/i where a is the kinetic collision diameter of the molecule .
n0 Is driving intensity, and r and I are the radius and length of the capillary. We are more
than an order-of-magnitude broader than this ideal collimator.

Figure 11-7 shows derivative spectra of the R(t5 / 2 ) 112 A-doublet in NO obtained by f requency-
modulating the diode laser at 8 kflz as it Is scanned. The upper trace Is the Doppler-limited
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Fig. I l-b .  Angu la r  di st r ibu t ion  of hel ium beam from capillary array.
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Fig. 11-7. l)erivative spectra of the R(15/2 ) 112 A-doublet  in NO.
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spec t rum taken wi th  a st at o -  4 0 — c m  c c l i  w i t h  40 ra l’orr  ~ ( )  e x h i b i t i n g  th .  w e l l -  - . - süh -c - c l  ‘c —

doublet  charac te r i s t ic  of the 2 71 1/2 states. I l i c -  lower t r a ce  is the same t r a i c s i t t c n obtained w i t h

the molecular  beam appara tus  at an inlet  gas pr c s s ur ( ’  of 0.5 l’orr  behind the nozzles .  Lh c-

nounced narrowing of the lines indicates a fac to r  of 20 r edu r t i o r c  of the I c r  — broaden ing
due to beani coil i mat ion.  I h e  f r e q u e n c y  scan c a l i b r a t i o n  at the bcc tt om is Ic ri vc cI f r om a Se nii  —

confocal i n t e r f e r om e te r  w i t h  a ~r e e — s p c c - t r a l  — r a t i ~ c- of — ~00 MH z . ~A c c r i i p l c c v  dcr~v a t i v -  tec h-
niques to enhance  the s ignal/noise  ra t io  of the spectra S i n c e the a h s o r l c i c c i i  s -~~- i v  we ak ,

~0. 1 percent , and rides on a somewhat  l io isv  Icasel ine .  We have  not f o u n d  i t  n e ces sa ry  t ic U sc

hig h- f requency  Stark modu la t i on  of t i n  m o l e c u la r  beam to further d i s c - r i m i c e c t c  against  laser
noise , as d i i i  (h u  and Oka .TM 

Ih e  sharp  s t ruc ture  is somewhat distorted I c \  a broad background

arising presumably from 11cc wings  of the a ng u l a r  beam d i s t r i l c u t i o i i  shown in - 1 g .  u —i. . I l c i s
broad background is not due to res idual  back pressure  in the vacuum chamber  since i t  I t s a p -

pears w h e n  the mol6~ ula r  beam is displaced from the laser beam.

I 
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Fig. 11—8 . Derivat ive spectra of the RU 5/2 ) 3 ‘2 ‘i - , l o c i I c ~s t  in NO.

Figure 11— 8 shows a set of s i m i l a r  traces taken for the RU 5/2 ) A — d o u ) , I s  t of NO. l l L rc
the A-doublet  is unresolved in the static cell , but is c o m p l e t e ly  r e s c c l - , c i  in  the in c de - u l cr
beaici. -

Measurements  of the A-doublet  splittings in the 2
71

/ 
and ,~ 

c l c u t r c c i i n  levels  as a
funct ion of the combined an g u l a r  momentum J for hig h J values access ible  i n  the in f r a re d
spectrum of M) provide a good test  for the theory of A-doub l ing  ~~I I  t h e i r t e - r n i c i i ac  coup l in g
regime between l iun d ’ s cases a )  and (b) .  ‘i b is regime is ch a r a c t er iz e d  by the i , -~~c t i c c na l  t i -n i l -

~ i t i . c r i  en. r gces  (Z BJ  w ith  B — 2 cm~
’
~~) being comparable to the spin-orbi t  sp l i t t i n g  f A  122 cm t )

sep arating the 2~ 
2 levels from the ls ~~cl~ cii  the e lectronic  ~ round s ta te .  Dousnianis ,

Sanders , and Townes ( i) ST) have derived a theory of A-doubling for the Oil radical  app l ic able
t ic the ful l  range ol rotational energies. This theory is disp layed in Fig. I l - c  using spectroscopic
parameters  appropriate to NO. The A-doubling and rotational parameters for Nt) have been
r c i . a s c i c ’ . c l  on pure rotational transitions for low .1 in the microwave region by Gal lagher  and
Johnson ,1° and 1”avero , Mir r i , ari d Gordy t1 (1 MG) . We assume , for the purposes of this calcu-
latIon , that  these same parameters  per ta in  to the exc i t ed  v ibra t iona l  level.  Thus we are ignor-
ing the vibrat ional  dependence of the rotational constant  and the energy shif t  between the excited
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v ibra t ional  leve l  and the perturbir i g ~ e lect ronic  levels.  In th e  I- MG study a power series  ex-
pansion to terms of the DST model was used to fit  t i c s  l imited m i c r o w a ve  data. A plot of

the F \ (G  expression , which  has been used for a numbe r of i n f r a r ed  studies , is also shown in
1- ig. 11-9. l’he data are in b et t er  agreement wi th  the l) S I r esul ts  as expected , which  i l l u s t r a t e s
the hazard of extrapolat ing the simpler F MG model bey ond i t s  rang s of a p p l i c a b i l i ty .  At pres-
ent , the exper imenta l  frequency calibration precision is not adequate to es tab l i sh  any dev ia t i on

from the l)ST theory due to the quest ion of the excited v i b r a t i o n a l  st a t s -  parameters , t i i ’  ug h
some sys temat ic  discrepancy is noticeable for high J values.

I- ur ther improvements  in resolution would bc ic ce essary in order to observe  hyperf ine
- - - 14 -s t ruc ture  with splitt ing s of a few MH z at these J v a l u e s  due to the N nuc lea r  spin  coup ling.

Here more attention must be paid to the col l imat ion of the molecular  be~m and the f r equency
and amplitude stability of the laser. It should be mentioned that  the mult itube  collimators fab-

ricated and tested by others have given a n g u l l - r  d i s t r ibu ti ons  to wi thin  a factor of two of the
theoretical; this would y ie ld  a t remendous  g~ i i i  in  r e s c c l u t i o n  and signal/noise for infrared ab-

sorption measurements. A. S. Pine
K . W .  Ni h 9

C. GAS LASERS OPTICALLY P I ’MPED BY DOUBLLF)  CO2 RADIATION

We have previously reported optically pumped laser action in a numbe r of molecules
( X S , (‘02. N 20, (

2 112, CS2, and SiIf 4 ).~~~
’15 In each case , the molecules were pumped

b~ resonant vibrational energy t ransfer  from CO gas excited by a frequency-doubled CO2
laser. As reported, hig her second-harmonic energies have recently become available.t6 Thi s

has improved the performance of the CO2 laser and the OCS laser si gnificantly.  The new re-

sults are listed in Table I together with our earlier results on other gases. The maximum

output energies from the two lasers are 13 and 5.2 mJ , respectively. The measured maximum
slops energy efficiency of 34 percent for CO-CO2 is close to the maximum possible energy effi-

ciem-y of 45 perccr .t, which correspond s to uni t  quantum eff ic iency .  By contrast , even after
consid orabi s-  ef fo r t s  at optimization , the OCS laser shows a lower efficiency which we believe
is due to a bott leneck at the lower laser level. For the direct-pumped OCS laser at 10 Torr ,

‘~ 1.aR(-r A n a l y t i c ’ s . Incorporated , Lexington , Massachuset ts  02Z’~ 
-
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TABLE I

SUMMARY OF PERFORMANCE OF OPTICALLY PUMPED LASERS

Minimum ThresholdMaximum .~ - -- —--—--- . - -- -  Maximum Maximum
Pressure Focused Unfocused Effki.ncy Output

System (Torr )* (mJ) (mJ) (percent ) (ciii)

OCS 55 0.1 0.6 19.0 5.2
(direct-pumped)

CO-OC S 420 0. 1 1.0 7.6 1.3

CO-CO2 12,400 — 1.6 34.0 13.0
(16 .3 atm )

CO-C2
H

2 610 — 2.0 3.5 0, 12

CO-C S2 20 — 2.5 0.5 0. 03

(1 1 .5 ijm )

CS2 (6.6 ~ni) 25 — 6,3 0. 1 0. 03

CO-SU14 35 1. 7 — 0.6 0. 03

* With H
2 

or He buffer.

the laser pulse terminates within 500 nsec of the in i t i a t ion  of pumping ,  well  before coll isional
deactivat ion of the upper laser level , which  takes 2 tisec at 10 lor r  (Ref .  17). We bej ieve the
reduced effi . - i e n c - v  is due to the fact that the lower level  deac -t i v a t~oil t ime  is long compared to
the 200-nsec pulse length. rhe deactivation rate for OCS has not been measured. On the basis
of e n e r g y  level considerations , however , it is  expected to be slower than the comparable rate
in N 20. I - o r  N~~() , the deactivation time is S ~Lsec at 10 Torr (Ref.  18). Consequently, the
maximum ef f i c i ency  for the direct-pumpe d OCS laser should be half of unit  quan tum eff iciency.
The obser -~s’c1 energy ef f ic iency  of 1° percent is in reasonable agreement wi th  a theoretical
energy e f f i c i c ’n c v  of 29 percent for a quantum efficiency of 0.5.

Previously we have reported laser act ion-on the cs2 0001 — 10 00 transit ion at 11.5 ~im using
vibrational energy t ransfer  from CO to pump the 00 01 level. Here we report laser action on the
( S 2 to 0t 1000 t ransi t ion at 6.6 ~rn using direct optical pumping. The second harmonic of the
9.2-p.im (‘02 R ( 3 0 )  line , which lies within 0.041 cm t of the CS2 0000 ~• 10°t 1’)bO) transition ,19

was used for excitation. A s imi la r  scheme has recently been demonstrated for CO2 (Ref.  20).
We observed cm l v  a single line , the P160 line , and not the corresponding R ( 5 8 )  line. We tried
unsuccessfully to obtain more lines by adding argon , which should promote rotational equilibra-
tion without  cont r ibut ing  s igni f icant ly  to the deactivation rate of the 1001 level. The measured
threshold energy of 6 .3  mJ in fab le  I ~‘a~ obtained for a 54-cm-long internal  mirro r cell ope r-
ated at room tempera ture  with 8 I’orr  of ( S 2. I h e  mirrors were a 1-percent output coupler
and a gold total ,-t ’f l &’ c - to r .  The laser  pulse length varied from 140 nsec at 1.5 Torr to less than
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(0)

F i g .  11-10. Laser output at ( . ( ~rn from
the i l l i c i t — I c u l  i~ c c - i l  ( S 2 laser using a
54-c m -long l a n d - c - e l i  and pressures of

—~I J~ .—100nsec (a) tO l’orr , and (b )  1.7 I o rr. The
small shoulder  before the main  pulse in

(b) 

l’ ig . l f - l O ( b )  is part of the ( 0 2 pump

10 nsec at the high-pressure limit  of 25 Torr. At this  hig h-pressure l imi t , the laser pulse
terminated before t ile p u m p  pulse. F i g u r e  11-10 shows the output  pulse at C S 2 pressures of
1.7 and 10 Torr. 

ii. Kiici ai
r . F. Deutsch

I). l IBr- l ’UMI ’E D 16-g,m (‘Oz LASER

1. In troduction and Summary

The main emphasis in this effort during the last six months has been to demonstrate un-
equivoca l l y that this laser is a practical 16-ki m source for the ERDA laser isotope separation
progra m.

We summarize our most important results as follows:

(a)  In order to demonstrate that the 16-~ini laser can be made stepwise

tunable , we have achieved laser action in the 13(.160 isotopic species.

(b)  The threshold for the 9.6-ri m stimulating pulse has been measured to
be — 3 mJ. Thiø indicates that a rather large but conventional sealed-
off Q-switched laser would be sufficient for driving an isotopic 16-kim
laser.

( c )  The 46- p.m laser pulse energy has been scaled to 120 p.J.

(d l Kinetic measurements of the relaxation of the 16-p .m lower level indi-
cate that its relaxation time is of the order of 10~~ sec at typical pres-
sures. As a result , hig h repetition rate operation of the laser is
possible.
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.~. Ik ’ta i le d  Discussion

a. Isotopic Laser

t l’o a c h i e v e  l i m i t e d  t u n a b i l i t y  of the 16—p .m laser , it  would be desirable  to a - l i u ~~ c l as er

osci l la t ion in  var ious  (‘0
~ isotopes. Superficially, it  might  seem that  extension of OU ’ t ( c -p .vn

t ech n iq ues to othe r t O , isotopes would be t r i v i a l , since the isotop ic sh i f t  among tics  various
spec ie s  is gene ra lly  small .  However , as we have discussed earlier , r e l axa t i o n  among the
l e n i n  n i L X e c l  levels of ( 0

2 is a par t icular ly  important  ph ysical constraint  of our laser. Since
the isotopic sh i f t  is not sma l l  compared to t i cs  F e r m i  in te rac t ion  s n i c m ~~v , c o l l i s i o n al  r a tes

involving these mixed levels may  vary s ign i f ican t ly  from isotope to isotope.
We have shown that  th i s  e f f ect  is not s ign i f i can t  by d e m o n s t r a t i ng  tha t  16 p.m could be oh-

t a mmn ed  in a re la t ivel y common isotope , I 3 ( 16() A ga in  for the purposes of better experimen-
tal control , it is p re fe rab le  to use an s xt s , n i ~i l  “~~

-
~~j i i i ” s t imu la t ing  pulse. The data by I- reed

et al.21 ind ica ted  that  there is a fortuitous near coincidence (— 300  M l l z )  between P(28) l i n s -  (if
12(160 and the l~~34) line of 11 (160; therefore , a 12C160 ‘rEA laser was used to p rov ide
the s t imula t ing  pulse. By us ing  this  s t i m u l a t i n g  wavelengt h and a hig h-Q 16-gm c a v i t y  we
were able to achieve  laser ac t ion  at 16 p.m.

b. Measurement of Requi red 9.6-p .m Pulse Energy

The ~.t -p.nr s t i m u l a t i n g  pubi c power or energy  is an important  design parameter  in th is
laser. Its magni tude determines whether  or not one can eff iciently use an in te rna l l y generated
pulse to s t imulate  the 16-p .m laser. In addit ion , if it is necessary to use both an isotopic ( O z
laser and an externally generated pulse, the  magnitude of the pulse energy de te rmines  whether
one can use a sealed-off Q-switched laser or instead , rely on a TEA laser for the 9-p.m source.

Before measur ing  the pulse energy, it was necessary to narrow the linewidth  of the (‘02
l E A  laser wi th  a low-pressure gain cell. The pulse power requirement  is decreased by the
factor  Av p/~~

vL. where is the power-broadened gas l inewidth  in the low-pressure l a ser

cell ami d 
~~~L is the pressure-broadened TEA laser h inewidth .  In our case , this  facto r is

approximately 1/ 10  so that a considerable advantage is obtained wi th  the gain tub e i i i  t i n -  c a v i t y .
The measurement  was performed at standard optimal operating condition , i. e. . 30 percent out-
put coup ling , — 8 0 C C  gas temperature . 6 rorr 50-50 C02 -l{Br mixture , and a 20-cm sample
cell. A ‘lachi sto  laser with a — 7 5 - c m  gain tube supp lied the stimulating pulse.

The result  was that approximately 3 mJ of energy in 100 nsec were necessary to extract  a
s ign i f i can t  i.e. , 1/3 of the m a x i m u m )  16-p .m energy from the laser. This energy is wi th in
range of that obtainable fro m a rather large but conventional sealed-off Q-switched (‘02 laser.

C. 16-p .ni Energy Optimization

A considerable effort  has been made to improve the output energy of the 16-p.m laser. We
shall only briefly summar ize  the experimental details here. Improvements have been made as
a result of t iis ’ following changes: increase in cavity output coupling , increase in sample cell
length , and improvements in the st imulating laser. A summary of the details of the best ex-
pe rimental run is pi ’ovided in Table II. The 120-p.J figure quoted there was repeatable on
several occasions , and thus was not a one-shot maximum. Perhaps another factor of 1.5 im-
provement can be realized as a result of further optimization of the laser optics. Thi s factor
does not include the improvement to be gained from eliminating the 50-percent loss at 16 p.m in
the output coupling mirror .
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TAB LE II

SUMMARY OF EXPERIMENTAL CONDITIONS
FOR 16-pm ENE RGY OPTIMIZATION

Sample Cell Length 20 cm
Output Coupli ng 30 percent

Output Mirror Loss ‘ 5 0  percent
at 16 ~jn

Gas Pressure 2 Torr CO2
2 Iorr (Br

HBr Laser Energy 20 cii i
Absorbed

CO2 Pulse Energy 400 mJ , 100 nsec
and Width

16-sun Energ y 120 pi

Most energy is lost Since no attem pt to focus
or mod e match . No gain tube is in the laser.

SaMPLE CELL
96~~m LASER —$~~~~~~~~~~u.—4i~.m LASER
(cia ? able delay) 

~~~~~~ 
.7’~~~~~~~~~~~~~xcsv ~~~~~~~~~~~~~~

0 o~~~cio~

~~~1
0di 2

~~~~~~i O 1  _020 1 ~~~~~ 
- 

.—-- 9 S~~i. LASER PULSE

~~~~~ 
434 u i -[

I00
0 1~

°
~0)’ O -FiI -I- 1351, iI 4 —- i  r— Z0j~5ec

0~~ O _J i I i I I

Fig. I l- l i .  The uppe r figure shows the Fig. 11-12. Both drawings are traces of
experImental apparatus used to measure oscilloscope photographs of the 4 .3-p .m
the CO2 bending mode kinetics. The fluorescence emanating from the sample
lower figure gIves the various laser and cell. The upper drawing shows the decay
spontaneous transitions which are im- with no stimulating pulse.
portant to the measurement process. By
varying the pressure in the CO2 filter
cell , one can Isolate the fluorescence
band O1~ t — 0 1 ~ 0.
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d. Kinetics ~deasurements

The optimizat ion in output power described above has occurred chief ly  as the resul t  of a
general laser engineer ing.  A deepe r understanding of the physical  processes occu r r ing  in t h e
lasers wil l  allow improvenicnts  of a more specific nature.  As mentioned above , the funda-
mental l imitat ion on the laser performance is the relaxation of tt ie l’ermi mixei l  (00 01 _ 02 00) ll
le’.e l .  In order to examine the coJis ional  dynamics  of this leve l  and , in fact , of the bending
mode nn ani fo ld in general , we have begun measurements  on the l aser - indu -ed f luorescence
f r o m  an l IBr— ( ’0 2 m i x t u r e .

The e x p e r i m e n t a l  appara tus  for these measurements  is shown in Fig. l I - I l . By v a ry i n g
the gas pressu re in  the (‘02 f i l t e r , tu e fluorescence from the 01 1 - 01 0 band could he isolated.
For t i i t  i n i t i a l  & ‘xper i rn ent s . the V-V equi l ibra t ion  between the variou s CO2 v ibra t iona l  nodes
occ u m - s  on an t ’ f f ec t i~ e l v  ins tan taneous  t ime  scale. As a result ,

(0111) n(00°t) 0(0110)

n(0O00)

where  n n - d I ) r esent s  t h e  population of the designated (‘0
~ 

vibrational mode. Thus the decay in
the n (0 1 1 1)  f luore scence measures the temporal  behavior of both the (00 01) and the (01 10) mode

populations.
Now if a 9.6-p.m stimulating pulse is applied to the mixture after the 4.1-p.m excitation

pulse , a fluorescence waveform similar  to that shown in Fig. 11-12 wil l  result. The decay which
occurs after the stimulating pulse is a product of the ~-‘-T decay of the remaining 0001 popula-
tion and ef the newly produced , nonthermal 01 10 population. The 01 10 population decays to its
thermal value at a rate much faster than the 0001 population; thus the long time decay measures
the slow deactivation of the 0001 level. As a result , we can measure the deactivation rates of

0 1 0 -both the 00 1 and 01 0 modes. In fact, the 00 t decay rate has already been measured prevo-
ous ly  by Stephenson et al.22 Our results are reasonable agreement with this rate. However,

the deactivation rate of the bending mode by EJBr and other hydrogen halides has not been mea-
sured. Figure 11-13 gives the results of our measurements. Note that this decay rat e constant
is a factor of 102 larger than that of the 0001 level also by llBr. This unusually fast rate is un-
doubtedly the result of vibrational -to-rotational deactivation.

M€ASU RED DE CAY RATE FOR 
~~±d3S2O j

CO2 (Oi ’0) * UBi —~ C02 (0000) . I-fBi

S 6 0’ S’~ TORR’’

- U,

z
Fig. 11-13. Experimental data of the 

~ 2 -

decay rate of CO2 bending mode vs
HBr pressure.

o
I-

ci-—_______ I
0 d 2 3 4

PISi PB (SSURE flU TO PS
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Ib i s  value of t he 0 110 deac t iva t ion  rate has two imp lications for the design of a 16-p.m laser.
I’irst , whi le  fast , the rate is s t i l l  one to two orders of magnitude slower than the rotational
equilibration t ime. As discussed in Ref. 23 , this means that within certain limitations V-R de-
a c t i v a t i o n  of the 01 10 is not impo rtant during the 16-p .m pulse. Further , Since the deactivation
prm ess (‘01(001 . 02 00)11 1 * l l I lr  _ _ ( 0

2 (0i 10) + HEr certainly occurs on a comparable time
scale , deac t iva t ion  of the (001 , 0200)I1 level to the 01

1
0 level on is also not important (i.e. ,

l i m i t i n g ) process for our laser.
Second , because the deact ivat ion rate is of order tO 4 see ”1 at typical operating pressures,

it is possible to pulse the same volume of gas at repetition rates up to IO~ liz. Thus , for ERIJA
applications the repetition rate of the present 16-p .m laser is limited purel y by the pulse rate of
the lIBr laser. Straight fo rward engineering improvements in gas flow rates and in the power
handling capabil i t ies  of the electrical pulses wi l l  raise the l IBr  pulse rate to the 10 3 -lIz level.

1-inal ly .  present plans are to use laser-induced fluorescence to measure the V-V deactiva-
tion rates of the two Fermi levels it o 0i , 0201)11 and tto

0o, 02~0)1~.

- - 
R. M. Osgood . Jr.

E. QUANTU M ELECTRONICS OF CRYOGENIC LIQUIDS

Our experimental work has progressed along three avenues: (1 )  measurement of the vibra-
tional kinetics of molecules in liqu id solut ions , (2)  observation of laser-induced photocheniistry
in several liquid hosts, and (3) measurement of the infrared spectra of various dopant molecules.

Our measurements of vibration kinetics have been principally with liquid N 2 -CO-OCS mix-
tures In which we have measured the vibrational exchange rates between N 2 -CO , CO-OC S, and
N 2 -OCS. Thi s first rate is particularly interesting because its measurement allows , for the
first time , a comparison of the vibrational relaxation processes in both the liquid -nd  gas (pre-
viously measured) phases at identical temperatures. The results also give guid~ ice as to the
particular mixture one should use to make a liquid-phase OCS laser.

Prelim inary laser-induced photochemistry experiments in various liquid hosts have been
carried out. We have photolyzed OCS and C2 114 - .1 liquid Ar and N 2 with the ultraviolet radiation
from (‘02 laser induced breakdown produced in the liquid solvent. In both cases , we could moni-
tor both the disappearance of the parent molecule and the accompanying emergence of the photo-
lytic product (CO or C2 Il 2, respectively) by observing the infrared spectrum of the liquid. Sim-
ilar results were obtained with photolysis of Oz, and the subsequent formation of ozone from
reaction of nascent and molecular oxygen.

In a support ing program for our effo rt , we have attempted to catalog both the solubility and
the spectra of dopant molecules in various liquid hosts. As a result , we have developed em-
pirical rules for estimating the solubility of various molecules in each host. For example.
spherically symmetric molecules with low melting points have better solubili ty in liquid nitrogen
than do linear triatomic molecules.

In addition , the vibrational spectra of complex molecules is simplified dramatically whe n
the molecules are doped into cryogenic hosts. As an example , we show a comparison of the
SF6 spectra in both liquid and gaseous phases in Fig. 11-14. 1’he relatively broad gas phase
spectrum has narrowed considerably in the liquid environment, and the sulphur  isotope splittings
i’re well resolved. This spectral sharpening results from the el i minat ion of hot bands and of
free rotational motion in the liquid medium. s. R. J. Brueck

R. M. Osgood , Jr.
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FIg. 11-14. Infrared absorption spectrum
of the 53 band of SF6 at room temperature
(top) and dissolved in liquid nitrogen at o i I I
77 K (bottom). In both cases the SF den 
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aity is 2 x 1015 cm 3 and the path ength 
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111. M A T E R I A L S  R E S E A R C H

A. INTERACTIO N UI ADSORBED WATER MOI -ECULE S WITH SI RI - M I-;
Dl-]- ECTS ON Ti02
In the photoelectrolysis cells so far investigated , sur face  slat i s ( i t  t h i -  ix fl ( - l ( - ( - t r o d e

are believed to play an essential role In the photocatalytic decomposit ion ‘1 water  into t1
~ 

a rid
Oz (Ref. 1). We have previously described the formation and natu ’-e of li’fe -t s u r f ace  s tates on
TiO2 (ruti l e h~ the material  that has been most widel y employed as an oxygen Ie ( -t ro de  for photo-.
ele -trol~ sis. We have now begun to stud y th e  in terac t ion  of adsorbed 1120 m ole-u l es  w it h  these
surface defects. Studies of this type , conducted with  monolayer amounts i i f  adsorbed I ( Z0 ifl

u l t rahigh vacuum , are a f i r s t  step toward understanding the catalytic a c t i v i t y  of electrode
materials.

We have used ultraviolet photoemission spectroscopy to invest igate  the e f f . -c t s  of adsorbed
1120 on the Ti02 surface states and the changes produced in the lI zO molecules on adsorption.
Photoemission spectra us ing  lie I radiation (21.2 eV) were taken f i rs t  for a clean sur face  and
then for the same surface  af ter  adsorption of 1120. The two spectra were digi t ized by us ing  a
Hewlett Packard Model 9830A calculator equi pped with a d ig i t i z i ng  table , and the difference
between them was taken digitally.

Figure 111- 1(a) shows the photoemission spectra for an annealed Ti02 ( 110)  surface.2 The
photoemitted electron density n( E) is plotted vs electron initial state energy, measured from
the upper edge of the valence band E~. The solid l ine is the spectrum for the atomically clean
surface , and the dashed line is for the same surface after exposure to io 8 Langmuirs  of H 2()

at room temperature .  There is a small, residual surface-state peak in the energy gap at — 2  eV
due to a few surface  defects left after annealing.2 Figure 111-1(b) shows the d i f ference  between
t h e  two spectra in Fig. 111-1(a). In Fig. 111-1(c), the solid curve is the photoemission spectrum
fo r a clean , heavily Ar-ion-bombarded Ti02 (110) surface (o 5 > 4 in the terminology of Ref. 2),

- 8and the  dashed curve is for the same surface after exposure to 10 1. of H20. The peak obser ved
at about - -  3 eV for the clean surface is the surface-state peak that arises from rearrangeme’it
of the sur face  Ti i on s .2 

The dif ference  between the two spectra in I- ’ig. 111-1(c) is shown in
I- ig. 111- 1(d). l igure I l l - l i e )  is the photoem iss ion spectrum for l1~ O in the gas phase.3

The most striking effect of the adsorption of ll zO occurs on the high-defect-densi ty  surface.
The dip  at — 3  eV in the d i f f e rence  spectrum of Fi g. 111-1(d) indicates tha t adsorption causes par-
tial  depopulation of the defe -t surfac e state. The three peaks at 1.3, 4.3 , and 6.9 eV are strongly
suggestive of the I1~~. 2a 1 and lb 2 orbitals of the gaseous 1120 molecule, respectively. Accord-
ingly, we have lined up the gas-phase photoemission spectrum of HzO in Fig. 111-1(e) with the
d i f f e rence  spectrum. The relat ive positions of the b 1 and b2 orbitals match exactly with the
1.~~- and 6.9-eV peaks. The 4.3-eV peak is shifted -‘I eV towards t ighter binding with respect
to the a1 orbital of gaseous 1-1

~O, suggesting that H20 bonds to the TaO2 surfa ce defect v ia its
a1 orbi tal.

Heavy Ar-ion bombardment of Ti02 results in the loss of oxygen, producing surface oxygen
vacancies, l ike the 1120 molecule, these vacancies have C2~ symmetry. The surface state
associated with such a vacancy f V0((’2~ ) J is an a 1 bonding state (with charge in the vacancy)
formed by superposition of Ti (3d) orbitals. Our model for the bonding of 1120 to the bombarded
TiO2 sur face assumes that the H

~O molecule is adsorbed at the vacancy site and maintains
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INCTIAL EN(RG~ (iv)

I- ig. 111-1. Ultraviolet photoemission Spectra for (a) annealed Ti02 (110) before
(solid curve) and after (dashed curve ) exposure to 10~ 1 I1~~I); (b) d i f fe rence  be-
tween spectra in (a) . (C) Ar-ion-bombarded Tb 2 before (solid curve) and after
(dashed curve) exposure to 108 L I1~ O. (d) difference between spectra in (c) ,  and
(e) photoemis sion spectrum of gaseous H~ 0 (Ref. 3), shifted to match difference
spectrum in (d).

34

- - - ~~~~~ Ø!~’~ ’ - ~~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~-~~-.‘ ~~~~~~~~~~~~~~~~~ 
-w



(‘~ symmetry. Th*- a4 (H2
0) and a 4 t V O(C

ZV ) )  orb itals strongly i r i t i - r a c t , repelling ,-a -h

by about 1 e V .  With these shif t s, the sur face  state no longer bonds an ‘- lectron.  The strong

bonding to the su r fa c - also d i s t o r t s  the }12
() molecule.  Due t i the con cen t r a t i on  of electronic

charge in the surface bond , the separation between I I ’  ions in 1120 1ncr ~- ase s, and hence th e

bonding of an f l ~ ion to the U 20-vacancv compl~ x is greatly decreased.

The di f fe rence  spectrum in Fig. 111-1(b) for the adsorption of 1120 on the near ly  di t i - -t -~~~

annealed ( 110) su r face  is more complicated than that on the high-deft- -t - d erlsi t \ s u r f a (

The annealed sur face  appears to adsorb less E L I )  than does the defect surface , and the data

suggest that ll~
()  mar  bond to two d i f fe ren t  sites on the annealed surface; a better s ignal- t i-

noise ratio in the difference spectrum is necessary before any f i rm conclusions can he drawn

on the latter point , however.

Defect surface states on Ti02 have hi-en shown to exis t  in three d i st i n ct  phases.2 The

energy of the surface states asscc&ated with the Ti3~/oxygen-vacancy complexes existing at low

defect densities (a~ ( I in the terminology of Ref .  2) suggests that these de fec t s  are the ones that

are important  in photoelect i- olv sas .  We p lan to extend our photoemission studic~ of I I ~ U adsi rp —

tion to th is  defect  regime in order to obtain a better under s t and ing  of the sur face  parameters

that  are important  in photot l i - i -t ro l vs , s .  - -V. I- . I l e n r i c h
G. Dresseihaus
Ii. J. Zeiger

H, E F F E C T OF C ESIATION ( I N  1 l i E  W( IRK I U N C T I O N  01- CdTe

The demons t ra tion  of t r a nsf e r r e d -e l e c t r o n  photocmission from InP (Ref .  4) has spurred

interest  in developing ~r an s f e r r i - d - e l e i tron p tu tecathodes using oth er  i -rvsta l  B s tems , in-

cluding a graded H g ( d
1 Te st ru t - t ur e  proposed previously.5 In th~ latter system the photo-

en ii s sive  sur face  would be (‘dTe , so e f f i c i en t  operation would r e q u i r~ lowering the potential
barrier at the CdTe -vacuum interface  below the bottom ot the bulk CdTe conduct ion hand.

In p r i n c ip le , this  i-n ight be done e i ther  by biasing a Schottky b a r r i e r  formed b~ depositing

a th in  metal  l ay e r  on the CdTe surface , the  procedure followed for lnP (R 1.4),  or by ct - s la t i ng

the (‘dTe surfac e to a state of negative electron a f f in i ty  I N EA). The second al ternat ive  is very
a t t r a c t i v e  because the resul t ing  photodiode woul d be a two- t e rmina l  device not requiring biasing

of the  photoeniissive surface.  Since the cesiation of ( d T e  has r io t  been repor t ed, we have  begun

an investigation of the interaction of Cs and 02 wi th  CdTc to de te rmine  whether an N E A  su r f ace

can be produced. In ini t ia l  exper iments , we have been ab le to obtain a r educ tion  of 2.4 cv in the

work funct ion of both n-  and p-type Cd’re by a series of alternate exposures to Cs and 0.

The CdTe samples studied were cut from two singL- c ry s t a l s , one n-type (Ga-doped . 3 10 17

electrons/cm 3), the other p- type (Cu-d oped, — 2 X 10 11 holes/cm 3). The r i - t ~ 1ie samples were

rods w~t1t a (14 0 1 axis, so excellent (410) surfaces  could be obtained by cleaving in the u lt rahigh

vacuum system. The p-type sample s were ( I I  I wafers  that were f ir s t  lapped and chemicaUy

etched , then placed in the vacuum system and Ar-ion sputter-etched. The activation procedure

consisted of a l te rna te  Cs and C) exposures at room t e m p e rat u r e , always beginning with (‘s. The

Cs sou r c e  used for most of the activations was a (‘s-ion gun in which I s  is produced by thermal

decomposition of a ( s-zeo l ite , s imi lar  results were obtained with a (‘8 thermal  channel.6 In

each Cs activation step using the Cs-ion gun, the surface was bombarded with about S ‘- 10 15 Cs

ions/cm 2 at an ion ene rgy of about 20 eV. In each activation step the sui-face was exposed

to 300 L of 02. After each activation step, the work function was determined from the low-energy
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cutoff of an ultraviolet photoemission spectrum taken with lie I radiation (he 2 1.2 e V ) .  t i e

photoemission spectra contain a wealth of band-s t ructure  and surface-s ta te  informat ion , ~ i i r i e

of which  is discussed below.
Both n- and p-type CdTe surfaces behaved in essentially t i r e  same m a n n e r  d u r i n g  a t i ~~a-

tion, and the re was also very little difference between cleaved and spu t t e r - ot t - l i ed  su r t a i - e s .

1- i gure 111-2 shows photoemission spectra taken at three points dur ing  the activation of a p - typ e

(dTe wafer. The ordinate niE) give s the relative number  of photoemitted electrons per - n e r - g v

interval, and the abscissa is the initial-state energy measured f rom the 1-ermi level. (The

position of the Fermi level is determined independently from the  photoemission s p i i - t r u m  of a

gold sam ple.) While the initial—state energy of electrons increases to the left  in 1 - i g .  111-2 , t h e i r

kinet ic  energy in vacuum in i -reases to the right. rhe sharp drop in photoem it t ed int ens  i i  at

the left end of each trace thus determines the position of the vacuum level ( 1 . 1 - . , i ieo r  i ons ~i tb

o 
_______

INITIAL EJIIERGY (IV)

Fig. 111-2. IJitraviolet photoemission spectra. ~~L ) ,  vs Initial state
energy measured from the Fermi level, ‘or p-CdT e ( I l l )  during
activation, (a) Atomically clean; (b) altec one Cs exposure; and
(C)  after four Cs and three 02 exposures.
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lower k ine t ic  energy cannot escape from the sample). The band-s t ruc ture  fea tures  in I- ig. 111-2
are superimposed on a back ground ut  ine las t ica l l y s i a t t i ~ d photoelectrons that ex h ib i t  a peak
ust above the vacuum level , in f igs.  111-2(h) and -,‘ ( i -)  th is  peak is about ten t imes off scale and

has been clipped.
Figure  111-2(a) is the spectrum for aton o- a l l y  clean Cd-re. The Fermi  level lies about

0.5 i V  above the top edge of the uppermost valenc e band. I’ t i i s  v a l t - i i c r -  band , which y ields the
iwo-peaked structure between 0.5 and 6.0 t V , is composed mainly  of Cd( Ss)  ar - id Te(5p) electrons.
A lower-lying valence band , consisting of the Cd(4d) and Te(5s) electrons, gives the s t ruc ture
between 9.5 and 12.5 eV. The work function ot’ this clean CdTe su r f ace , de termined from the
location of the photoemission cutoff , is about 4.7 eV. F i g u r e  111-2(b) is the spectrum taken
afti r one Cs exposure. The work function has dropped to 2.6 CV , arid the tota l photoemitted
flux is about ten t imes that from the clean surface.  There is presumably no more than one
monolayer of ( s  on the surface, but we have no measure of the actua l coverage. The s t r u c t u r e
of the lower valence band is somewhat distorted , and a new peak ha~ appeared at about 13 cV .
F igure 111-2(c) is a spectrum taken after four Cs and three O~ exposures , the number  of s teps

th at gives the lowest ~.vork function (2 .3 eV)  and highest  photoemitted flux that we have t i l i t a r r a d.

The upper valence-band structure is very different from that of the clean surface, with two nev.
peaks (A and B) appearing. The lower valence-band s t ruc ture  between 10 and 15 i-V is r l o n i i r i a t t t

by two peaks (( and D).
In Fig. 111-3 the work function ~‘ and the hei ghts of peaks A, 13, and C are plotted for  the

clean CdTe surface and after each Cs or 02 exposure. Adjacent  data points are i -onn ~-i. ted t~~

~ € -

I p -Cdl. 1 1 1 1 1

(b )
•PtAK A

•P E A1i B
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— , t i j i l  t i n t s ‘ or  ( -i O \ i i i r i I i i ’ 5  r’r! , i i t a — ,h . - i I  r r r . ~~. for 
~ 2 .- x I w - r l - t - s .  ~I~’ht ~’ a ui- k f r i n e t i o n  I t i i t .  I l l — l i a r

~ by  i ,1 t - \  n i -  - i i .  l u - -i t ( s  t \ 1 i i i S H i t  t h . - ~ i- i s . - ~-i l ,~ 0, 3 e\ i i i  i x i i o s i i r t -  to I i ,. I
si - u n i t  Cs s : i i i s  I I i i i p s  ( ( i t  a t i r k  i i i i i  l ion (( .1  t V t o - l o s  i l ~~ \ d w  i t t - i  t h i -  l i t - s t  ( s  t x —

p usu r - t . S i r r r i i a i  I s  I r ; t ~~t u i  i~~ , i i , s i - i - ~~ t - i (  d i r t - c o g  a ’- t l v a t i o r i  i i i  I ( i — \  h i l t , i t t - - I - s .7 
~ . - v i - r a l

i - s  1. s ar e  it  . - s s a r s-  I i ,  ‘ 1 m m  n u i i x i r i n t i r i  ~l i  i t s i t -  —i ( i i t r s i - . In t h i s  t ’ i 1 i t -  t i  i t I \ ~~i t i , t i i _ i — a t - u

- I - i  r : t r s i - s  (P  s i o i -k  fiji, ’ l i - n . ~ o l h  f i n a l  SI -i )  i s  ; ‘ l , r i i v i s  a Cs i ’ s 1 i i i s i i i t , ( rui n s . - \ t - r n (  o ( l v i i —

1 , 05  i i i  1)0th i i —  a r i d  p _ i s p i -  ( I i . - , i i , -  o i l  r h i m  four  I s  i - x i i o s i i t - i S g iv e  (h i -  l o a , - s l  sor -k  ( u i  l i o n .

Tb . -  l i t - i g h 1~~ i t t  peak s \ , I i , a nti  ( du r i n g  i i i i  - i t t ,  a r - i sh o a n  i n f i g .  1 1 1 — 3 ( h ) .  I ’ i - ; i k  It i - ’ —

h i t o r s  ii - r i  d a i l y  — l i - i h i n g  h i — h t i s - w r — _ i n c r . - a s i n g  o~ 1v a l l  r 0 , i i — u r n  i n s t  - — i ; o  n t’ r i  ( ; i I

i u n - r u g  ( 5  — I  5. I t I - i t - I ’ ’ . -  is a l i i ’ ’ si c i - i - ( ; O o ( y  ci i i .— I S ,  i l l i 5 S i  O i l  i i  0 , 1  U i  i i ’iV~~t u I  ha it i .

i i i  i t s  P l ion 7. ’ i - t i  . ig r i - e s  s i t u  l i i . -  v a i n - u t  7 1  ± u .s , - \  fu r  t i n -  ( i t ~~1 i l  h and  g i v e r ( i v  H ’ -  n- - t i - n i

a r 5 l  i to rr .~ i i  ik  \ i s  p r o h a hlv  n i l  so due r .  art tis: v~~
t - i  I ~ o (  s t r u t -  i t  i -~~ h i  I s  ni ~ i n -~ i i  a 0 ( t - C ’ i  - u n I t  n i . - . -

d r i r — i n i g  i t , . -  I i r , 1  s ix  — i i i  i~-~ i t  fi ns a d i g i t ,  i i i  l c - I , i , ~~i , i n -  l i i i — ( l i i  last  ( si t  S I ,  p5 . ( i u s i - \ t - r .  ( ‘ i - a k (

~~~~~~~~~ t he  t rw ’ i - s i -  h. - ( i a . ,-~i t i  ‘ l u r i n g  ( ( i t -  ( c r - s t  ( i n , - . a ’ i r~~. t r i o n sl i ps , i i i ’  t - i - . i s I n ~~ ,~ t ’  i l i i i -  ( s . - ’ ~—

i , t s i i r — i - s  a n t i n n i r : i l r r i b’ I n u r E  i r s m n u - i l  t a r — t r i g  ( l i i i ) , • l l t t t S l i i t 5 .  H t - L ’ t u ’ n n t u n g  s i l l ,  t l i t -  c i i  l i i  S i t - ; .

t i c S .  V. r i I I~~i t - i t 5 1 — - ‘i , , . ,I ’ - - . -~ l , i i  n i t  i i i  I I 1 . 1 i I t r i m ( ( r a t  ( i i  p t - a k  I )  1 I I .  I e \ 1 i i  r i -  t i ’ . i i t  i s’  -

( o t h .  r a t i o  — o f  I -; . l  i 0 _ S ; u t i i l  1 1 . - I I ( 1 . 5 (~t i i . n -  ( h i -  ( s l i p 1 ,) n i l  ( s ( 5 p 3
, , i I I t  I s  u i v . - r i  i n ,  I i i  i _ S.

i i i .  i i i  i - s o i l  - r i  p . o i . - i t  ii i - i t -  i t  i i - o n t O  m u _ u r i g ,  I I  5 mu t t  ~ - t - (  i i  i i i  a u t - h u m  N i -\ air tn

a. liii ’ , i - t i  • i ( ‘i I i - . h -i - t a i l s  i l t o t  a i i r k  —i i n c .  ( r un  a ni l i , : u r  d — s t i n t  r i , ’ ia uu l .u i - s  c h i t - i  t r i _  •

a t I i s . , l r . , t r  H ( t - 1 t  i i i -  I t .  i , i ~_~ s r u ’ h e d  i n  e r i l i  0 ,  i , i t l i i !  l/ t ( I t .  t u i s s i  W r i t  and l i i  • i t - I i i i  d i l l - i - .  n i l

i ’ .~~i~i I h ~~~n ; , p h i u  i t i - n r i l i u u u s  i s  ( u t - r a g  u ’ a . - s l i g , I ’  ‘I .  ( - n i  n i l - i  i l —  i t . -  u s.’ p l o d  w i t ’ i t u u r - t

h i ghi — i - . i i  I • l i i  - _ si  i t - - N I _ -\ I i i i i  O i l  _ i i .  - us  I i - ~~ ’ ii i t  i i i  I i - i - r i  i i  Ii i_ • I is pi n~i t - t i  i t  i t .  m d .  n o  i -

t i _ t i , ’ I — i l -n i  u -  I i
I ) ,  I - - Sp i -  in -

i a i r _S_s

I .  \ i ’ 1 ’ J  I I  .-\ l i l r \ i -  i l l  \ t — ~i I -\ ( i i~~— \ i l  l \ 1 .  I l t \ \ S I  I

\ p r e i i n r i t i a i _  —m l - , h i s  i , i , - n u  u n - I -  i - r i _ i n  r i  i s~~, - — ~ , i i i . -  1 s i l i - n t j al  ut  i t , - — u I , l r- — t r , t - t a l  t i— an si—

l i o ns f u r  i u t , l t i a t i o n  i i i  p i t t -a l  s a r i -  ( r i n g  ch -~~i t - t - s  s r i .  I i  u s  n r i t i ( u u i ~i I i , r - s  u n u l  S -  i i  I _ i l l ,  t i u t i t a -  t r t o u

gi - t i ngs b r  i t s , -  i S  v a i - r a l i ,  — a a ~~ i - I .  r t t ’ l I i  1 , 1 1 . - m s .  ( i \ i  r ‘ . S n n r ç i u i i r i u i l s  cl i i i , -  i r _ , u i — i l i ’ i n -  a i rd a l , - —
. - n . i l t i  l i i i  n a l s  t - ~~ h r i , I  s oc— h i i  a n s u l i n i t - , s l u t - h  a r - i i - l i n t - n i ,  I .  n - u i lo an u t i i r rp t  i h a n g ’ -  in  i - I t -  t n t - u

i n n - n t i -s  I u . n  i r i s r d ; , l i r s g  i i ,  i - I _ t h u i l  a s i - I t — u i ,  ‘ m u - I  t i _ t t u - ~0 ( o o  I i  n~ t t - , _ i t r r i i  . - i  h i -  t i — n t n , s i i

i S , ’ ’ ’  m o i t : , r u i i - i l  ( 1  • l i n i n g - n  i i i  pr i- -al  p i — t i p . - i - i i u - n  it ( r i - i ,  i n . -  ~ c0- - i l .  s t l i t  ( I i ,  r i t u a l ,  1 r e g i i t i r  a P i - n -

t r i  ‘ - — i - I t - ’ ir o n  a l - — i  ii t o u t  i l l ’  I s  , I i , i r u t r r ; i ( ,  a P t  n i h . -  r n _ i l ,  u - r d is I r r r t - l n i I h i  sl u t .  - I I  I nn - i_t i

s i n r h o - l i  t - l , - t - I i - i t - _ , j  a nd ‘ ‘ : ‘ l ’ ’  n u t  p i p . -  I i i - ~ i r  I i , ,  p i t — ; , i n - _ u n — i n  i ’ ’ — n i n t h - t i l t — S I -  , - , t u r u t ~ . , r i r u , i s

I i  0 - h i l l y  n t-u - l i d  l i i- a pp l i u  a m i n O _ s  r i  ( l i i ’  i i t , - l , - u t r o r n u i - t — _ t h u  , , 1 i t , , i  I ’  h o r n ’  — . in  th in -u  i t - h . -i

( u r , v t  to ’s ’ i t  t i l t , 1  . . i i  vanad ium t h . t ~ u u t i -  i \  I 
~2 > ’ i t _ i l l ’ . h i- .  lu s i -  , r  h a s  a t t t i r v i - r u i , - r i l  l u a o s i r u . i n i

i . - o u p . u  a t n r i -  (~~~t s I )  n i n t h  pa r l l i  I , , - ,  i a n -u t -  i t  h a s  a t r i o  I - . l n i r g i -  t r a n s u l i - - . a i l L  r h  - - h -  l i - r i d

t i r i u i t i ,  u n I v  r h a n g u n g  l i i  n i _s n i u u - h  as a a t - l w -  u t f  I i  u n  - u u i u g i i  u - n -  - s t i l t ; . ri i i n i i - l i c u j a r  ru

i t  - _ r g ’ . l i - d ( l i t  t i n -u t i t t  s p r i t t i - n i - r I  \ ( b , t h u r  r i b , , ;  i t s  i - ç , h l t  i l  n - iS i t s  l i -s at s u ( u n , i l l u r . . 1 . - i - S u I t  n n c t l , S .

i i i -  n t - s t i l l s  ~ i , t , i r I , i he i u s i - h r l  in I t .  t n r r n t t n u g  t h t -  h - a s i h m i i i ’. ol  t i n s  u 1 . i - ~~~, ’ t  ‘ l i - i  l i t -  in l i - a t —

r n i l n , n - , - , (  - u , ’ .  t - I , - r t i ’ h l r s .

l ’ i l - ~i t - v s t u l l i r t t -  V t )
2 fi lms r u t  i t -  l i - p .  i - _ i t t - i l  t i n  n - u i n i g l i - — ’  r I  t m _ i l  --i _ i ~ t j t I i i r - i i-r o l - - , l ,  i t .  — — I i ’ .  i—i- -

t I l l  - i - i n  i 
~
‘ of a van  au ui cu ,  t a rget  in a ii ,, x l i i i  - , - t ul  A t  n u n  u t  ( 1  , . - Ut, g roa lb t~~’ u - l ,  I i. u.s I t . ,  t - h ’ i  -

h-s .  r i f t - rb  i r . v i t i t i s l v . 1 I h r . - y  t n  q u i t e  t - n i t u i - a l  l i t - i  s o u s e  i r . - p . . t n i t i . i r r  of I t l i . t ~ s u i n l i  I i  s i i .  1
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p.-

prop c u - l ie s  is  m , , adu -  u l i f f i c - u l t  by t b , u  existence . i t  r u , n , n , s -  t l u f f e r - t - u u t  c - i i t u i p o u n u d s  in n c l i  v a n a d i u m —
i x ’. g . m  s c s(i -rn .t ° f- or the I t t - s b  f i lms , the r e s i s t i v i t y  - l u n i i u g . - s  hv a f a c t u u m  (i t  a b < , i r t  2 ‘ 1O 3 

it i 5  -

I -or  t r a nu s m is s i on  exp -r i men t s , suhm illirneter radiat ion p r o v u r l i - r i  , - u i h e r  by u.n  iI( l aser  atm
3 ~7 ~rn or by opticails- pu m per t  molecular  l a s t - r s  was r u n t - n i s u m n - , h  w i th  a GaAs ph ci tu . .  u r r u l u u - t u v e  de—

t i-  I n .  In i t n i l  i n t l  • - x p . - i - r n u i - n r t s  ru - i - d et e r m i n e d  t lu , -  chan g i -  in  t r a n s m i s sio n  at 337 Mm t h a t  (u t - c u r r e d

when a Vt)2 f i lm 2500 A t h i c k , deposited on a sapphi re s ub s t r ; i t i -  0. ( mm thic k , ala s t u e a t e d  t h r o u gh

the  phase transi t ion wi th  no r ex te rna l  heater. With the f i lm in the m i m s u l a t i n i g  s( , t t -  the t r a n u s m u s —
sion of b l u e  f i lm-subs t r a t e  c u m p u i u - u i t t -  was clost-  to 80 percent , the same w i t h i n  the i - x p e n u n u e n t a l
i r n u ’ . -r  in. i a t m  of 5 percent as the t r an smi s s ion  of the bare s u h s t m n t t i - . Trans, ’ion I i ,  th i -  m ’ - h n . l l u ’
sta te i- t - d u ~, - t u b  t ( m c - t r an smi s s ion  to only 25 percent , a r i - lu .  ( i v ’ - u l e, - r t - a s , -  i t t  i ( u ou t  70 p . - r t . -  n u t .

In  view of t he  ra ther  large change in optical t r ansmiss ion  oh si- rved  in t l u , -  in i t ia l  tes ts , a
series of exp er im ents  was performed to explore t I n  n l odu l a t i r ug  p r o p e r t u i - n -n  of d i n t - i s  i n which
the V I I , f i l m  is I r , - a I . - i l  t h rough  the t rans it ion  t empera tu re  by passing an e l i - u  t r i o  cu r r e n t  th rough
it. The , - . t n n f r g r u r i n t e n t  u s - I , w h i c h  a-as fab ricated by means u i  photor e s r —n m r n a sk m u g and ph o t i t —

l i thograp hic  b i - i -hn iqu es , is S h u i w n u  schematically i n I - ig. 111—4 . it consists  e s s i - n t c i l l v  of four

__
~~~~~_~ t ‘cj

~~~~~~~~~

//~,/ J V0
2 j~/~// //~/

WI

~

I- ig . 111-4. Schematic diagram of optical modulator consisting of four V02 elements.
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r ec t angu la r  \ u~ 2 elements , each 100 500 hum , with gold c i u m n t n u , ts at the ends. Ti , pr epa r - t -  t h i s
st r u ct u n i - , a f i lm of \ 02 

2500 A t h i c k  was nh-posited (in a sapphi re  su b s t r a t - , and the four  c- b t - -
n , i - m r t s  w i - r e  d e f i n u i - i l  (iv rem oving unwanted Vt)2 with  I: I l IN t ) 3 : 11 z~

1z On l i z u m n t .  I - Urns of t i t an ium
500 A th ick  Ito p r n .v i d i  adhesion l retween t l u u -  t 0 2 arid gold) and gold 3000 A t ( u i c k  a t - r e  d i - p u i s i t e i l

on the substra te  hiy I I I  sp u t t e r i n g ,  a f t u - r  which  the unwanted gold amid t i t a n i u m  acr e  su i - c e s su v . - ly

r - , - i n o v t - u l  by - t c l u i n g  f i r s t  a ith an iodine-based etchant and then w i t h  2 0 n I  112 0 U f ’. l h c  narrow
St r i p e s  beta  i -i -ui  t i n t -  V02 elements , where  the bare substrate  was i - x p u c o - d  for i -t e ct r i ca l  i so la t ion .
w i _ r e  blocked by  depos i t ing  gold on the rev el -se  side of the subs t ra t e  in order  t u u  - n r in i : n i z e  l ig h t

i • - u k a gi - . The elect r iu - al r e s i s t a u u u  e of each clement was about 50 k t l  at room t em p e r a t u u . - , and
the resistance changed by more than  a factor  of I0~ at the phase t ran s it i ( in .

To obta in o p t i i -al modulation , an i - ) e u tronie pulse gi-nerator was used to apply t r a ins  of
le O-V puls -s to the VU 2 t - l i - m e n t s , causing the i r  t empera tu re  to inc n - . - a sc  and t I c - u - u - ease  period-

- ~11 as the cur ren t  was s w i t c h e d  on and off. The degree of modu l a t i iau r , def ined in t e rms  of
t h i t -  max imum acid nu i n i mu m  t ransmiss ion obsu -rved , was measured as a I u r u i  lion of pulse rep et i—
t b.u ,  f requency. T h e  pulse duty cy cle  sos  adj usted for max imum modulat ion at each f requenc- . .

- -~ t a f r e q u t - n u - v  “b 100 l iz , laser rad i a t i u , u i  at 337 Mm was modulated b y approximately 70 p u - u - i  ‘ - t n t ,

about the salt , - percentage obtain e.l in the i - x p . - r i m n e n t s  wi th  an i - x t e c - r u n t l  t u e n , t e i - . When the  f r e—
qu en i . -v a run - ;  i n c n c - n u s i - u I  t i u  1000 and 2000 lIz , however, the modulat ion d t - u -reaseci tc , t O  and  50 pt-n -
c - - I . respi , t i v i - i s .  This de i - i - i - a se  r esul t , - , !  because the cooling m u t e  was i n s u f f i c i e n t for t hu
en t i r e  f i lm to r e t u r n - u s  to the insu la t ine  st at i -  d u r i n g  the t imes wh en t h u t  c u r r cn t  was not f l o w i n g ,
c i t - n  t houg h th i -  sub s t ra t e  was mount e-ub on a w a t e m — , - u , u u l e u h  pla t form.  Similar resul ts  a l - i c  ob—
ta in i - i l  in p re l iminary  exper inn i -n t s  at a wav -li-ngth of 151 Mm. M o d u l a t i u t u r  should also occur at

11’ s f1 , hut  t h i s  could not be conf i rmed in the present experiments because sapph i r e  is not suf-
f i c i e n t l y  t r ansparen t  at this wavelength.

o u r  r i -su i t s  indicate that effective optical modulation can be achieved by u t i l i z in g  insulator-
i n ,  t a t  t r ans i t ions .  Modulation frequencies will be qui te  l imited for materials  like V u ) 2 in which
the t rans i t ion  is a thermal process , althoug h speeds signif icant ly higher than those  ob ta ined

hen - W i t h  water u “t iling should be achieved if the devices are cooled to cryogenic tempera tures .

i l o ’x ev e r , it has been suggested that the insulator-metal t ransi t ions in ma te r i a l s  like C r - d o p e d

\ 203 are Mut t  t ransi t ions , driven by electron-electron interact ions ra ther  than thermal  ex-

citat ion .11 If such mater ia ls  can be switched electronically rather than thermal ly  between the
insu l a t i ng  and metall ic states , much faster optical modulators should be possible.

t . C .  C .  I- an P. i’d. 7avr ~ u - k v
II. R. l e t t e rman  ( . U. Parker
i- . .1 . Baclmer
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I V .  M i ( ’  R U E  l E t i R U N  CS

.~~ (~i ( \ i l ( ; I - -(~~ t - I ~I i- :u lui - ;\ - R- i - :s- I’ltOt i-~SS t N t ;

(‘onsi dt ’nahle at t e n t u ’  ‘n tu n i s  been given to the problem u if  I m p r o v i n g  y ie lds  in tin r ( ( I )
pu s icess ing .  Wafers  of 30- ~ 30- -ell prototype imag ing  arrays have rec , -n t ly  bi t - u i  f a h t r u c - a t , - u (
w it h  improved processing te chni ques , and have exhibi ted  y ie lds  of u t ve r 90 I u , ’ r c-en t when  t esl . ’ ,h
f u r  cloud ’ lu ’aka ge .uncl g r u t t ’ - t t t - g a t e  and ga t e - t o—s t i h s t  rate shorts. i) namic  t e s t i n g  t i f  t h i s,- uJ~
y i n - i ’ s  wil l r e su lt  in -i somewhat  lower yield , but the resul t s  of static t e s t i n g  are v i -ry  e n c -u u u i r a g i n g .

~~ -s describe d in a previous  report~ our goal is to develop for the ( I - ~fll)SS iU r t t un d  l- 1 t -u - t  i - u-

~~1 t i c t h  Ike 1,  ‘ ( u . t i - t  Survei l lance)  Program a hyb rid s i ’nsu t r  consist ing of 16 ( ( ‘ I )  i m a g i n g  ar r ay s ,
each h a v i n g  100 400 or 40 , 000 resolution e lements . The i-hi p size - 70 , 000 r ru i l s 2 is c i t m r ua-
u- n u h i l c  in  s i/ t ’  t i  n i t , -  l a rgest  state — o f — t h e — a r t  integrated ci r c -ui t , -~. To obt ain any a cc ep t a b l e  do —

v i c e s  require s c a r e f u l  processing ,  wi th  much at tent ion ( i t  wafe r cleanliness at al l  c r i t i t - ; t I  ‘- ( ,
~~

,s
in the l nc i u u ,’ss. I ‘ci or f a m l u r e .s in th ~ a regard have r i - s u i t e d  in u major y iel d pr ’t iu l c ’rn  on su m,
wafers  caused by -i very high t t u - c u r r e r i ( - e  u f  short s, ei the m- between the two l ev e l s  u~~I p it~v s i l i c t i n
gates  i i i  between Ihi -  g a te s  n u n , ]  the  s u b s tr a t e .

Several sources of contamination in the fabricat ion process have been i d e n t i f i e u l  as contr i l , -
u tors  to t h i s  F u n i blem , and 511- 1,5 have been taken (u i reduce t hem as much as possible.  ( l e a n i n g
of wafers i s  a c r i t i ca l  step nind u s  care f u l l y  monitored t i y  in sp e ct in g  w a f e r s  u r n u l e r  b r igh t  and
dark  field i l l umina t i on  under  a mic ru t s r ope .  ( leaning and e t ch ing  u t p i t r a t i i > n s  c t f t e n  I t ’ a v i_ - t m -  b a i l
to rem u iv i -  s i g n i f i c a n t  levels  of par t i c im la tes  on silicon w n u f e r s , p a r t i c u l a r l y  in the case of s u I t n n - u ,
acid which is u n — , i - , u  a f t e r  li ho to res i s t  st ripping. The use of p lasma st ri pping  i t  pho toresist  is an
a l t e rna t ive  u ’  s u l f u r i c  acid h u t s  resulted u n conside n o b ly  l c tw er  c o n t a m i n a t i u t n i  li-i - .- I s .

To mon i to r  the ef fec tiveness  of new f a b r i c a t i o n  prot -ed ure s, several w a f e r s  of 30- ‘ 30-cell
pro t it tvp e  imaging a r rays  have been prun - .’ssed. rhis  device is s im i l a r  to ‘tn t -  descr ibe d p r i - v i  -

ousl y, 1 but has been redesigned for improved performance. An ind i ca t ion  of flo’ ‘ - x p t - r - ed y i e l d
of good 100 X 400 devices can be obtained from yield data on the smalle r hut o therwise  m d e n t i c , u (
30 ~ 30 device  us ing  simple models for yield v e r s n u s  active device area.2 These models  suggest
that  y ie lds  of about 90 percent on the 30 x 30 device wi l l  be required in order l u  expect a y ie ld
of one good 100 400 device fro m a wafe r of 28. Recentl y completed runs of the 30 ‘ 10 device
have shown yie lds of well over 90 pe rcent when tested for diod e leakage , gate-ti -gat e , and
gate-to-substrate shorts. While we expect the final  yield to be somewhat lower  a f t e r  the devices
undergo complete dynamic testing, the results of the static tes t ing are hig hly encouraging.

B. E. Burke
R. A. Cohen
It. W. Mounta in

11. ( ‘HARGEI ) - ( Ot p [Ej j  DEVICES: D Y N A M I C  TESTING

Several of the 30 30 devices discussed in the previous section have been dynamically tested
us ing an electr ic-al  input signal .  The capability of inse rting signals electrically is a useful  ad-
d i t ion  to a ( ( i )  imaging device and costs little in term s of added device area. Electr ical  inputs
are s impler  and more  effective than optical Inputs for setting optimum clocking voltages and for
m e a s u r i n g  charge t ransfe r efficiency.  Transfe r eff ic iencies  of 0.9998 or greater have been
measured for the output registers of several devices, and the t ransfe r efficiency of a single
com plete dev ice has been determined to be equivalently high.



~~i #21 I~-$-i3143 I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
I_

I ~~~~~~~ ~~~~~~ I
30 x 30 I MAGiNG ARRAY

f—D-—Li—-D-— —D-—[F—L - RESET
DIODE

_ L~
_ _ _  

_ _  

32~~~~~~~~~~~~ 

~~ 
i:_.

•. •~. GATE

l ug.  J t ~ ~~ Su - h i t ’ i u u i t u u f  the l i l t t i t t \ i ) t ’  ( ~( 
- I )  cc)nsi~- t i f l g  ttf 2 — p h a s i ’  3 2 — h i t  i n p u t  and output

i ‘nbc’  r s  u i n ’ I  a 30 V ~ - ‘
~ - ‘e  rug a r r n . y .  The u l e v i u e  f u n c t i t t n s  eithu ’i ’  as a si’ r ind  — p a r a l l e l  —

at’ ‘ u  n i l  t n u u t I u t u ,.~ , t i ’ l n v t i i i ’ ’  m y  u — i ’  of an e lectr ical  inp u t ti  , the input  r ’ g i sR r , ( i r  as ni s imple
3 2 - h i t  a i ’ r u n . l device by u -n t- of an e l e u - t n i u - n u l  input to the output register.
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.\ ~ i - b u i - u ui n t i u -  n t i ; t g i u i n i  of the u I u ’ ~ - i i - ~ i s  h u u i ~ n in  l - n ~~. l V — 1 . I t  i — ‘t i ,n ~~n n i - ’ ]  - , i ’h  a -~i - r n u i l —
l n , u i n u l l u ’ l — i i-r I I~- ’ l’Sn fo rmat , and is capable of s t ’ r u i u g  900 - i n u n u l n g  s u c n a l  s u t n u n j i l e s  . -‘t ( 2 — t n t

i np u t  i ’u - g l  s ter  ( ; i t  t h u i ’  (op of Fig. I V — 1  ) is used to clock 30 charge pa -k . - !  -, t o  the  r igh t  n i l  n b u * - y

are  n u l u g i u t ’ u l  t t u t h  the 30 columns of the imaging array.  At th i s  point , a ‘ ran . sfe r ga t e . n n ’ , r n  a l l ’ ,
t u  , a n u t ’ g i t  ~~ ‘- p u i t e n t i a l  to prevent cha rge flow into the a r ray ,  is  r u n ’  i nn  - u i ’  u - n t  v pu I ~e’l r n  --

i t :  i - m i t t  in g  n i- . u i u a f c - r  of ie charge packets from the input  register . a c ru i s s  t hi-  t u - ; t n - n b - r g u t l - . - n i ]
u n i t , ’  th i-  f l u - s t  row utf i - i l l s  in the i m a g ing array. The t ransfe r gate is then  t u rned  “ u t ” - u rn ’ ] an-
oth er set uuf 30 u -h o c-cu ’ packets  is clocked in to  the input  register  whi le  the 1na u k~~t s  i n the  i m a g u n u n n
- u  r u ’n t v  u i - u-  I i - o n s t t -  i’rccl down by ‘ne row. Simultaneously,  a s i m i l a r  hut  revens” ‘ n u t  n i a t i o n  i s
‘ u i -c u n ’ - i - u n L - it  t h e  30th r ’oW of the i n u u o g i n g  a r ray where a second t rans fe r gate a d m i t s  s n u u  u - e ’ s s i ve
n a-s of 30 i - ( i n u r n ~’- 1 u n t , -ke t s  i n t t ’  30 cells of a 32—bi t  output register.  These charge i’ k i ’t~ u n - i -

t h en  t r a n a t u ’r r e d t ’ u  the detection c i r c ui t r y  at the output .  An add i t iona l  f ea tu re  , i f  t h i s  t t ’ v u i - t :
is tin i - I t - , n r i n d u n l u n u t  to the output register pe rmit t ing this  part of the device ‘ii  b u t ’  ch a r a c t e r i z e d ,

I n - , n u s ~t ’r i -  ~u r i enc i e s  u n i t - n t  st i red u s i n g  on ly  the ou tpu t  registers of the 30 Y 30 ] ( ‘ :u n - e s  have
t een g u - i - u t t - u -  t h an 0.9998 per transfe r on all devices tested. Measu rements  uun the f u l l  d c .  n c - c
ope r a t uul L ’  i. ’n an SI ’S register are somewhat more complicated in that  the a m p l i t u d e s  ‘if — n t ’ -  e u - n i l
c lock ing  it n t  e f t u r ’ m s  mus t  be adjusted if o p t i m u m  transfe r e f f i c i e n c y  is to he a c h i e ve u l .  Opera—
twin t u b  b u t ’  I , ’ v u i - t as an SI’S register is i llus t ra ted  in Fi g. l V - 2 ( a - c ) .  The (‘u t u v n u v e f o r m  in  ‘ ach
. n i s i -  is  - i s u c n u n i l  appl ied tt u an input gate of the input  register and consis ts  of consecutive  pulses .
r - a u - i u  l i M i t - ] b u t  ui -a nt 30 equal charge packets into the input register.  (The l a s t  pu l se a c t u a l l y

‘ f u ’ l i ~ t - i - ’n  3 1 r h n u r n~i- packets due to imprecise cont rol over the t iming  of the in l u t u t  s ignal  pulse
gener a to r  ‘ u i ’  h i gh  d u t y - r a t e  pulse bursts . ) The bottom waveform shows the u u u t p u t  si gnal cc-
sti ll ing f r ,t m nun ident ica l  set of consecutive pulses applied 1.2 macc  i ’n u i ’ I i e r ,  The -harge p a u - k i ’ t s
are clocked u n t o  and out of the registers at an 800-kHz rate. The output  u - ’ t n ’ n i s t s if  ‘n e t s  ‘ u t

30 pulse s s t ’ I u n u  i ’ n u o - u I  by 4 -lock pe riods. The f i r s t  two c I t o - k  pe riod s are ,u scd  hut a l l i t w  u-h a rge
flow aci- , , ss  t he  t r a n s f e r gates , and the la t ter  two represent the delay in t r a v e r s i n g  the last t nt ”
i - i l l s  c tf  (h i ’  u tu t l ) u i t  r eg i s te r .

Examp les of how non-optimum device operation is diagnosed are shown in  1-igs . I V - Z i a )
a nd h L  In t - u ~~. l\  - 2 ( n i ( . the upper t ransfe r gate is adjusted to a l low only p a r t i a l  cha rge t ransfe r
i n t o  the i m a g i n g  ar ray .  The charge left in the input register is then clocked fui’ the r to the r ight
and a c c u m u l a t e d  in  the  last cells unt i l  they are overfi l led.  This resul ts  in l a i ’g - a i n p l i t u d e  sig-
n n i l s  f rom t h u r  c o l u m n s  at the right side of the device. Imprope r h i n t  sing of the lu ’ut ’u - t r ansfe r
L u t e  r e s u l t s  in the signal  shown in Fig. IV- 2 (b) .  He re the charge t ransfe r is not comp le t e , and
cha rge w h i c h  is lef t  in the bottom row of the imaging array is pa r t i a l l y t i’ansferred to the output
register at later times. Satisfactory operation of a device is shown in Fig. IV - 2 ( c ( , where  a
high degree of u n i f o r m i ty  in output pulse amplitude is evidence of a hig h t ranr fe r eff ic iency in
each part of the device. The slight nonuniformities can be attributed n u t  least in part to the in-
put  signal pulse s , whic h deviate slightly from an ideal flat top, and t u ’  a smal l  level  shift  of the
u i u tpu t  MUSl - ET. In n u , l i h i t i , ’ n u . the f i f th  signal in each group is enhanced by a small amount of
dark c u r r e n t  from that co lumn.  However , from detailed analysis  we can conclude that the
t ransfe r ef f ic iency  for the device as a whole is greater than 0.9998.

B. N. Burke
W .  H. MeGonagle
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l - i g .  I \ — 2 .  ( ) ‘-n~ - i l I i t s c - u t p e  I u l u ,t ,c i , I , ( u - , s h o w i n g  ..-uc i ’ in u l — i u u n , t l l e l — s e r i a l  o l u t ’ r n u t i o i u
of a ‘li t - u ,  e . I l i n er t i n u , - t  is t b u t  u u u ( u u n t  s ign a l  which  , - n u u u s e s 3 au-ts ‘ u t  10 n ’harge
~~~ k i ,t ~, to t u t u 1 ’ , k i - ’ l  u n t o  the u u , I n u t  i- i ’m s t , ’ i - . I ‘wi- n  t r a c e  u s  the  f I n i t e , ]  ou tp u t
sh u n w i n g :  i i i u l t t n t l t ( ’ t  l i u n u - n u ng ‘i t - b i u 1 u  b i u i u u n b t ’ n  g a t u ’ s . ( h I  i n u ~i c u p t - i -  l ’ i n . s i i u g  , t f
lowe r I i ’ a u u s t u - i -  U n i t ’ S I ’ n u f u i n ~ ’ t i i  l u u t ~~i c h a r g e  t r .uin—ti’r’ t ’ff iu - n t ’nu -t- . i - b  a l l  n - Y u u , - k u n g
h ’ v t I — _ n ui ’e u,l n t n n u i u / u ’ u l . and t b n u -  ‘u v e i . , l l  t i - . t t u - - n t e i -  e ff i , -u t ui u -v I’\u -u ., ’u js 0. 1 ( 1 ( 4  p~ r
t rans fe r ,
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C’ . I M P U R I T Y  GE T T E R IN ( ; IN S l - :Ml— INS UI . AT ING GAl] J I M  A I t SI - ;N I IM - ;
( SING ION I \ I I ’I .ANTAT IUN 1)AMAGI-

Gettering of impurities from semi-insulating gall ium arsenide has t , et ’n n u u - h i e v e u l  us ing

neon - and s i l i con - ion- imp lantation damage with a subsequent 16-hour anneal ~ut  750°(’. The

amount of gettering was determined by an evaluation tuf  ep i taxial  layers grown on ( lie getu” red

samples after  removal of the damaged material. Impur i ty  p ro f i l e s  of l n i v t - i - s  g ro w n  cm t he se

surfaces show a dramatic  reduction in the out-di f fus ion of compensat ing i m p u r i t i e s  from the

substrate into the epitaxial  layer.
Although considerable work has been done with ion - imp l an ta t ion -d amnn .ge  g e t t e n i n g  in

silicon,3’4 none has been reported for gal l ium nursenide . It is possible th at  t h i s  i on - imp lantation-

dnu m a ge  get ter ing wil l  be usef l in providing be t te r  substrates for app l ic -ut  ‘in t i ,  ~~u I l i u m  arse-

nide mi , -rowave FETs. In addition , because the gettering ef fec ts  occur in the temperat u re
range for epitaxial  growth and ion- implanta t ion  anneals , th i s  gettering phenomena could u l so
be important  in understanding and improving  growth and annealing procedures.

The two ions which were separately et -aluat ed for their ability to produ u -i ’  ‘Jamage g e t t e r i ng
were Ne + and Si ’, Neon was chosen because it should remain neutral in the c ry s t a l  anti have nc,

e ffect on the gettering other than the damage it created , whereas silicon could be c h e m i c a l l y
active in the crystal and for this  reason have some additional get ter ing propert ies .  The w a f e r s
of semi - insu la t ing  gal l ium arsenide used in these experiments  all came from a sin ~~I u ’  u r n g ’ i b

which had a resis t ivi ty of 1. 1 -, io 8 ohm-cm. The wafers we re chem-mechani -a l ly  polished ‘in
one side and chemically etched on both sides to remove mechanical damage. The implants  were
made into the polished face at room temeprature with a dose of 1016 cm 2 Nc~ at 400 ki ’\  for
one wafe r , and lO t6 cm ~ .s~

n 
at 400 key for a second wafer.  The depth of damage is e st i m a t e d

to be I pm for Ne ’ and OJu pm I r  Si~ .5’6 These samples were then overcoated with Si ( N 4 on
the polished face , and additionall y wi th  Si02 front and back as described prev i i ’n i s Iy . ’ ’~ Rot h
wafers  were annealed at 750~ (’ for 16 hours  in flowing nitrogen. After  anneal , the s i l i con  di-
oxide laye r was removed with hydrofluoric acid , and the sil icon ni t r ide was removed by reac-
tive ion etching using a mixture of ~~~ in ( I ” 4. The plasma etch was found to be nen - es sa ry
for ni tr ide removal because the s tandard wet chemical techni ques left a fi lm of relatively iner t
material on the surface of the wafe r which interfered with subsequent chen -u ic a l - e tn -h  steps .
Af te r  ni t r ide removal, the samples were soaked for 5 minutes in 47% hydroch l ’u n u  c ii i ’] .

Immed ia t e ly  prior to epi taxial  growth, all the wafers  were etche d in r o o m - t en u i l u e r a t n n r e

~~
- 1:1 

~~~ 
( 4: ff ~( )

~~: lf
~

O for one minute to remove the ion- imp lantation-damaged layer .  Th’-
etch also removes an n-type layer  under the damaged layer which fo rms  dur ing  the u u u n c ’ . I  t o

a depth of about 3 pm. After  the procedure just described , the wafe r s t i l l  ha -n  u t ~ ~~i~
- - - u n u p l an t c ’ u ]

surface smoothness and It s  high resistivity .  The epitaxial system was of the Ga-Asi l ; l l ~ 
type ,

and the growth temperatur’ .’ was 740 ‘C.9 The epitaxial laye r was grown si m u l t a n e i , t i s l v  on the

Ne ’ and Si~ damaged wafers  and also on a control wafer from the sam e c r y s t a l  wh ch had n- it
been ion damaged. There was no in-situ vapor etch used in the epitaxia ? growth seq te n t ’e . i t t , ’

initial 2 pm of epitaxial growth was intentionally doped to 2 . 5 5  I O I6 cm t w ith  s u l f u r  ia o i - ’t ” r
to provide a low-resistance back contact for the C-V technique used to m c . u su i r , ’  b l u e  i mp u r i t y
profIles.  The rest of the 16-pm-thick epitaxial layer was grown with nu t  u n t t ’ n t i u t i i a l  doping.
l’he growth rate was held constant at 8 him/hr , and the total growth t ime was 2 hours .

The Impurity profile s for the three epitaxial layers are given in F ig .  IV  - 3 . I i i . -  d c ’ - ! i - tn

concentration in the epitaxial layer on the control sample decreases with distance im ’t mm t he

47

— — —— ——----‘-‘--‘--- —

~~~~

‘

~~~

—

~~~

— ‘ .—

~~~~

,—‘ - ‘—; . ‘ - _ - , ;- ,.- — - - - - -



-

‘
ii 

- -

~~~~~~~ ~; f ’ n F R H  I i ~~ . I \  — 3 .  ~ u i u i n p i r u ’ i m u . ~ t i - p i b : u ~~ i i I  l : u v t ’ u - - n
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: ~MA ~ I a I i t i t  — i i  - , u — n t  iii~ i - ‘~~i k u ‘ ‘ n u t _ u i  t n m - I n ,  - ( —

- ~~~~~~~~~ nc’ - - s t i r , -  u r n ,  - , - I t  i t  - - i n , : ,  I I 4 u r n  of hi ’ I n ,  y’-

~‘- -  ~- n u i t  u u u t ’ - u n u  , , ,  I In -  i

tii~S -~ .U ‘~~F5t I
- SEMI -

EPITASiA I.. n SuJ A t iui.,
LA ER SUBsT~~~~F

DiSTANC E FROM SURFACE ,, “lI

sn n t ’ t n u c u ’ , wh t ’ r e u s  the iu n - ’ ’ f i l e s liii - the  t w i ’  i c t n — i i n p l a n t . u t u u i u — u l n u n u u n i g u - n t  \ V n b ’ t- S i t t  b lat . We I n t - b i , -- ,

t ha t  the  ] e c r en i s e  in concen tu- at u t i n  in the  - u u n t  r i ’ l  I n , v i - r  u s  duic I ’ ’  l i t ’  u i n n t u ] i r f n n - - n i i n u u  of n - u i u l l ( u i - u u s ; n t  n I L

n 1 : ( u : n i - u t u ~ ’s or t e k ’ u - ( — n  f rom the s u u l u s t m - at i ’ . and that t h e su :  i n n u l i n u m - i t  i t - S  or u h , ’ n i - i - t s  a u — c g~ - t t u - n - u - ]  l i t

u u u m i — u u t n p l a n t n i t  i i i ,  l n u i i . t u i t~’ and a subsequent  anneal.  The i - in c l u s ion ms s u n p p u u u — t c ’ u i  I n ’, i ’ \ j I t - i u u i u - u u t S

t i n t - n e  u i n n t n u x n ; u l  I n u v u ’ rs tn- u - re L ’ i ’ u w n  s u n u u i l t u u n u , i u t n s l v  on C r — d tped s- e n n i — i f l ~~, u i : u t i u i ~ in ch  s i l i c o n — d i pm- I

n s i n t ) s t  r a t e -n  w i th  growth condit ions s i m i l a r  t o  t h i n - n m ’  jus t  descr ibed . l i i i -  ( r i  n b - - n  of the I n n ’ ,  ‘ - u - s
t n  the s e m i - i n s u l a t in g  subs t r a t e s  were s imi lar  t’u that of the con t ro l  samp le of Fi g. IV -  3 , and n t u c -

p ro f i l es  ‘f the l o v e r s  on the n 4 substrates had flat p r o f i l e s  s i m i l a r  ( i i  those on the  i o n - d a m ag e d

.-on l u s t  m u t e . -,. Because of the ~i m i n l t : u n c i u u n s  growth , ( he d i f f e rence in the  two p r o f i l e s  , - , i u n l u t  i t ’ l l  ui

cause’] by autodoping and mus t  tu. ~ - n i n n s e u l  l i v  a d i f fe rence in the t a ’  subst  r t u t e s . In n u n ] u b  t i n .

lov e  ms m i - o w n  for longer t imes  on semi  — i n s u l a t i n g  s u i h s t  m u t t ’s had n u t h icke r mi n l ( n u - u i s : i t t - u I  n _ g u m .

‘I’he t ime  dependence could only be e x p l a i n e d  liv i m p u r i t i e s  or defects  d i f f u s i n g  u ni t  i f  d im -  s u i t , -
-nt m u t e .  Th i ,  o u t d i f f u s m o n  effect  was  observed f u r  s u u l i s t  m ’nu ( ’s f rom m a n y  ingots  if a t - n u u i  - uL~~n I i l  n m u n ~
gal l ium arsenide from various manufac tu re r s, hut  has never been uu t i s e i’vcd t ”r  n s u n t i s t m n u t t -s .

l i  be sun - i ’  t ha t  the g ct t e i ’i ng  was ‘ l i n t ’  n i l  the i l i m o n i g t ’  and not the su b-on n i t r i d e , n n i  t - p i b n u x i u l

m m - e r  was  grown on a s u b u s t r n i t e  w i t h  n i t  i u u n — u m p l : i u i t . t t u u u n u I ] : i i n n . n g i -  w h i c h  nt - - u s  i . f l u - .t l u S u u b n n u i - . l  a n —
nit- o li n] , n i t  etched as described n u t u ’ i n m ’ . ‘rhe p u - ui ! l u- of t h i s  b m t - t ’ i -  ‘ hn , t t i’i l  i i  sma l l  u - i - I n n , - !  n u n  of

ou t d i f f u s i o n  a b u m - m u  compared t i n  a s i r nu l t a n ec u u s lv  g r tu w n  l i e  r ‘ n i  a mon t  i’oI w n u  fem ’ , t hu s  i n d i c a t i n g
sturn e get ter ing.  The reduc t ion  in ou td i f fu s ion , however , w n u s  mit  nc au ’I v  as g r t ’n i t  as tha t  shuavn

i n Fig. I V -  3.
These resul ts  indicate  that the concent ra t ion  of ru st  d i f f u s i n g  i m p u n m ’ i ( n t - s  found i n  s i - m i  -

i n s u l a t i n g  GaAs c’an be greatl y reduced , ni t  least in the neighborhood of the danu agt ’d s i t u - t a t e ,

by using i o n- im p lan ta t ion -damage  gc t t e r ing .  i4ince both Ne ’ and Si damage h a u l  dii ’ s n , u i i t -  c t - s  -

tering effect , it  is very likely that  damage is the ge t te r ing  agent ra ther  t h a n  any chemica l  ac-
t ivi ty of the ions, 

C. 0. H u t ,  ( e m ’
.1, P. I) onnelly
~‘I . T. T . ind l ey
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V . SI !  R F A C I ; - W A V E  T E C H N O l O G Y

A. X-RAY lITHOGRAPHY USING CUL RADIATION

Most x-ray lithographic replication of submicrometer-linewidth pat terns has used a luminum
12sources ‘ with  radiation primarily at a wavelength of 8.3 A. For replicating patterns w ith  line-

widths of the order of 1000 A , it is preferable to use a softer x-radiation in order to Lflcrease
the attenuation in the mask absorber pattern and to reduce the rang e of the randomly directed
Auger  and photoelectrons that are excited when the exposing x-ray is absorbed . Our work has

used the characterist ic L radiation (13. 3 A)  emitted from a copper target. At th i s  wavelength ,

the at tenuation of gold is 55 dB/pm (as compared to 20 dB/prn at 8.34 A ) , and thus the mask ab-
sorber pattern need be only 1000 ,\ thick in order to provide more than S dli contrast . I! poly-

meth yl methacry late ( P M M A )  is used for recording the pattern, such a mask contrast is more

than adequate.
The effective range in PMMA of the Auger and photoelectrons which are excited when a

copper-L x-ray is absorbed is of the order of 200 A , which is accordingly  the in t r ins ic  resolu-

tion limit of the copper-I .  x- ray lithography.
In addition to the characteristic L radiation , a copper source also emits a continuous spec-

t rum and a K line at 1.54 A ( i f  bombarded by electrons with energies above 8 keV ) .  This cont in-

uous spectrum can potentially degrade resolution because of the large range of the higher energy

photoelectrons excited upon absorption in the resist. However , these harder x- rays  are less

readily absorbed in the polymer film (resist) ,  and an analysis for a copper sourci .’ operated at

8 kV show s that the amount of power absorbed from the 1- line in a I -pm- thick  polymer fil m

exceeds that absorbed from the continuum by a factor of about 20 to I .
The types of x-ray masks developed for use with aluminum-K x-ray sources are not suitable

for use with a copper’ I. source because of the high attenuation in the mask s membrane (-“ 8 dB

at 13.3 A ) . Such high attenuation results in long exposure times and decreases the ratio of

character is t ic- to-cont inuum absorbed in the polymer . Figure V-I  illustrates the type of x-ray

mask used in the copper-L work. The SI 3N 4 and Si02 are deposited by a CVD process. The

silicon is etched in ethylenediamine pyrocatechol and water  at 110’C. The thin aluminum film

is an infrared reflector to prevent heating of the pol ymer film.

I~ i ’ ~~ i~ u~~ Au (O. $~~mI
Z~~Cr IOO2~,cml

______________________  (0 1-02 ~Lm)

-
~~~ 

-~~~ S.3N4 (OI-02~um(

“4-
~ :o2 :z

Al (Ot~um)

Fig. V- I .  Cross-sectional schematic of an x-ray mask fom’ use
with the copper-Lradiatlon ($3 .3 A). The Si3N4 and Si02 layers
are grown by a CVD process on a silicon wafer.  The aluminum
film acts as a reflector to prevent heating of the polymer by in-
frared radiated from the source.
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i - ng iuu - u - V — 2  us a u - i i - n n n i n i n g  i - l u - n - )  i - u i n mn u ’  m~~u - .- u p Ii u f  t I n t -  C u  i n-i s —. - u n u i u u  of a g r ’n t u n m  n n u t i t - r - n  i x —

, u t — a ’ it  in I’M \l .\ u s i n g  ( ( i i -  - l u  ( ui- u -‘I. x — roulu atn uu mu . Iii , ’ gm -ni t ing u r u i t , ’ r ’ m i  a : i s  1t m o m l u r i ’ d  o n ,  t i , - mask

hv l u l u l l u g m n i 1 u h n u ’  t - x ( u n ) s u i t  i ’  I t t  i n i b , i m t - s n ~~t . i v m - u  I 0 0 0 — A  —th ick  g o lu l  f u I m , f u n l l i u w u  ‘ I  tv  t o r u - I u m - n , r u u

~~ u - t ’ - b , n u u n of t I m e  gu u l nt . P l u m ’  s It a r 1, v u - u - t i c _ — il s u m - w a l l s  an d sm o o t h  u i h p t . s i l l t u s t u - n . -  t h e  h igh r u - n - l u —

t u t u  C ; n ( u a t ) i I I t \  ot  x — n a n -  l n t h u u p i n q Inn and th e  - i b i s - t i c . -  oh  s i g u u n l u c a n t  n- , u u h u — . ( u n u i , -  h a c k s ,  i t - l u n g .

In i t r d u ’r  to obtain ~nb i ar im vm-m t ic- u i s uih ’ -w n -dIn -- i in 0 ,;, t t u - m u , s  i- ~ 1 u tu ~ u ’il in (u i ln n u t ’ r film , it t i i~ui iIu i  1

u - O u ts m nt u st b u t -  m i i i n i n r  - - - - I . I tt s is l I mi t ’  b y  h olding t he  x — m - : iv  m a s k  tm - u iet iuul;u t e u l n u n u  ct a ut b i tb, ’

su h i s t n  u t -  h u n u- I -u t i t - -! t i c  i n n ’ - , i n s . I h e  a l u m i n u m — f i l m  iii shun -id st-mv -s us tIme back ‘ -li- (m,ral

m ’on t a c t .  I ) . I - . l-l - .uu (’ -r s
I I . I. Su - n i t l i

II .  I I I S \ l t ’ t I I  ( , i  b ( \ 1  \ \ I i %1 n i \ 1 i i l :  111 1- I I t  l O V I - : — - \ R I {  \~ ( - ( ( \ l i m I l h ; s s i  ( 1) 5

( i i - , ;uu s e  of n h ,  i’ I - ,! v i  i v  low , - , u u m t : , u u - — W n i y t ’  v i - l m , i u t ’ , l u  s i  nt -. u ’ u i ‘itt I n n s t i u u i h  p ’ - i u u l r u n i u n n u

‘ i -~oh .’, t h u s  m a l m - u - u a l  u s  u - - m - t u i l  ‘ ‘u u~ I i u ; u n n i n g  l u n g e  I t s  ‘ i t  s n ’ u u n  imi iuul n-i u- cx l i n n m u u l m - i s and t - oin pr u - sou- n - .

I ) - v u , - i - s a i t h  lar ge  l i n t ’ a m - — I -  \ I  i u s 0 n u i s u o n  an t i  m u -I u n- - I n  r u n -ow h ; , n u h w i m l t l u  t 2 . n-n M I h i l  i n n u v i -  ( a u - —

v n l ) u i 5 l- , b et - n u l e v i - I l u l u m - u t  c u r  ( l i i -  \1 \ S I t  s \ - , I ’ - u i u . 1’ 4 I n  a n l n h i t i n n , l 0 — M I I Z — h n u n u h w n l l t h  l n n c a m - — I  \I

I m v i n , n - .  w e r , - n h i ’ v , - l ’u ~ . - i  u i - \ I . -\ S h (  and ; i l l V ; n m u u - i -  in  r u - f l u - u t u v , - —a m m : n v  t u - u - I u u t ’ , ( i u m . w i - i , -  mu- l 1 n n uri- d

tu i nu t -i t t i n t -  u lm - u n u : n t i u l n-n t u t u -  l i uw i n n - i n - i - m u o n  In c - i s in ( ( m u ’  i t t - n ’ , d , - n i n - n - n - . .

In t he  in udc-hand i t  0— ’n I i i ?  t mode of u u 1 u,’u: u I j on of b i n , -  \ l .-~ SR sy st em , it  is r u i ’ c n - s s n n i ’ , ( ( u n i t  d i i

signal b u t  n un—u’ in  ( i n  ‘ i x  , ; , r i u l u - u h  c ; n n u - f u , u n , s  Ii,- pu- u -ni h -i than b~() I I ! . l i t  a c h i e n u - suc h a s n p u n ; i O — - ’ —

n um u s’ ratio n’ i ll, a 1c u s s u v u ’  pulse , -x 1m an u le r ’  arid with limited I \\ u ,u- ~nk ,-x u n i ,’i l n t n v u u , i t  us nec—

u - s s . u u  n- n h - n t  t i n t -  u t u - v u c i ’  h u n i v i ’  a (‘V. i n s , ’ m t uo n  I nu ss l u - s s  t h a n  3 0 d 1 1 . To u - l u , ’,- ,- t h i n - i , ho t l u  t r - . i r u - - —

d uc i ’r  n - n m v i - r sion I n ’ - - ; .  and  g i n n i n g  u - n - f i c t i o n  i n-i s m u s t  I - u n -  r r m u r n m v , u - u I .

‘ m u the  m - ad a r  I I i i i  ~f) \ i I I y , ( h u t  I 0 — M I I s  b a n d w i d t h  ci ’ u i -  s l , u t n n l s  u , u  a 1 7 — i  u - r i - u ’  i t  fr -a c tn n u n;l l

ha r u i t a  n i t i , . ‘P h i s  1 ( 1  m , - n-u i ’ t i t n-t n u m m ’  I ; i (  i v u i l y (a u - g m  i r : , ct i o n a l  btin d ’, c-i dti u lu tz’  , - f f n u  n u n !  , - u u r u n ’ u .’z ~~ u t u n i  hi-

l t u t m ’ u ni u g ut n i l It : , r c - i l h i n i - u - i -s on I I G ( )  i nh i c h  l i n u s ~i low u - l i - n i t  i ’ u i t , n - n - !u n n i c a l  i - ’ u u n ; i l n n p  - i u u - t I n ’ . - n i - u i t , l~~ 2 —

0. t i t ) m  s , C a l c u l a t  n uns  of I n a n s , h u u c m - i  i - , - S pn ’u is i ’  s I n u a n - n - u I  t I m , !  m a x i m u m  u - h i  in- mm-tic ’ , u n c l e — —- t h i n -  u

q u i t - i - u t  b a n d w i d t h  a n u s  , i h u t n , i n e d  h u n  add ing  a pair of 1t I in i ~~i - — i - u - v , - i - --n u - u h  I n u n p i - u - ~ to c n n n ’ b u  n .-ui d u t  a s i x —

f i n g e r — p a i r  ( m a n n - h u r t - c . I ) u ’ l : i n - — I i u i , -  me a sur c ’mu .’n ( s  - i l u o w u - u l  t h a t  t In ’  t x - a n s d u u n - u ’ i - s  n O t i t  i -nh )Ut u -il

I 5 d l i  of loss nu t midb-j n d with n u n  i n c r u - n u  st . In  17 u I II n ub t h e  h m n d  edges. l ) i h I u - a c t u o n  mi nd  m n r ( u l l n n u ; t —

t n u m  losses  c o n t i - u l u u u u m - u b  an  a d d u t t o m i m i l  I to S d i t  n u c r u c - i s I I , , -  uiu . ’ sign  h a n u l w i d t h . I h u s , in ordem’ to

r n -ct  t h u ,  3 0 — d R  i n n - i m ’ m - t i , t n — l o s s  po n d , l b , .  g u n n u  ing  i - , - l l , - n - t i o t u  l oss  had io b t -  h i t - Id  t o  Icc -m s t h a n  10 n I l ) .

I n  u m r u h u - u -  to de t e rmine  the p m ; ,  t im i g  In ‘ I  ( I I  p ro f i les  neceu-i Sn , m - v tu ) ach u e v u -  overa l l  i- i’t ’ln ’ , t  ion

los’~i - s  less  t h a n  10 dI l , i t  i s n c c u - s s n n i n  h i ’  e m m n ~n l o v  a i- u - h ’l i n , - t n v u t v  modt - I  which  n i i c l u m n i u - s  t h u  u - m f , -~- t - ~

of mu l t  , p lc i-c 11’ n t  ions .~ ‘I’he pu ls i-  — u -x ~ u n i  u s  ion u n i t s  a- u - m m -  depth  w u - u g h t  n- u i :ucco m -n b u up to t h i n s  muwl e l

to ob ta in  u n i f u m r m  m u - s 1 u t m n s ’ ic ross the u i 1 , t - m ; n t  ing h a n d w n d t h i .  I h o w u - v u - m , the  u n , - n n s u m ’ e d  LVt t m u - —

quency i - i -spons c showed a 3 — u l l i  t i l t  across m i i i . - band. I t y  , i i 1ti ~~i u n - m i t  i u t  an i n d uct o r  in t h u  m a u n ’ i m —

i m p  u - n t  u - o u t  1 m m  c -mis -t n t m : u r u s d u c i - r , it w a s  p o s s u b l i -  t i m  t u l t  t h i n ’  u h i v u n - , -  m - u ’s p i m m i s t -  and l a m - g i l ’ , -  i - n t i u u ~ n u ’ n s m n t m -

( u i , -  t i l t s  in t h u  pm nut umn g r e l - p u t r u s t -  t h u s  obtaining an u m - c t - I m t n t h d ’ , -  fla t  u , v e u - a l I  t - t -- - i p i ’n sn- . I- u g n n u - m -  \ — 3

.—, b u t u w - - i  t h e  f m - i ’ m ~ t i u ’ i i n ’ v u i - - ~~p u t n r - . m -  u u b u b , n n u u u - n h  w i t h  m idb and  u n s , - m - t u i , n  loss at 30 d i i  and m u i u p u - o x i n i n u t u I \ -

I d l i  g r a m l u a l  f a l l — u u ( b  t u m w : , m u I  the  hu n c h  n - u l p t - n - - .

‘I hi ’  mi mp li t u u h i ’ — w i - u g i u t e u h  f i u - u i u i ’ n c y  m - u - s pon sm ’  of d i i -  m ; t b n - I u u - , i  pulse  ( ‘o m i u m c’ssOi ’s ~I iu i wc ’d  a

m a x i m u m  ,Iev im ib ion of approx imat  t ‘ly 0.5 d l i  f r o m  the  n i t - s u m ,  nI I I  amm ing — wu’ug ht cu- I m esponsi  - .

t1 i m h h i m n  r ic h i t ,  — u - r n  i u  r i  m uss us  30 d H, t Ic- di - ‘-n i g uu  va hun ’ - .
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I ’ i u u s u -  n i e a s u r e m t - t m t  s made on i - a u - h  RA( ’ devu c i ’  sh ow (( mat n b c  chirp ~~‘‘l”-~ of the in d iv u i lua l
pulse m ’t i i f l p i m ’ s s om - s  a r -  m n m - n u u - l v  equal and match the  r b i i r 1u  5 10m m ’ of t h e  t i l t - n t -  u ’ x 1 u a t u d m - r .  I n  c-ach
devu u - i ’ - t b it ’ rms i ’h n i  Si’ i’ r ro r  a n u s  reduced f rom 20’ to a p p r o x i m a t e l y  2 ’ , On I w u i  ‘if t h e  ulevice s,
a doubl e - c n u m m , m  ‘ - m u s , m t i u u n  s c - h u m - m i , , ’  was  s u c c e s s f u l l y  us i ’u i  t u i  f u r t h e r  reduci -  pha se e r r u u rs ,

-\ c- i unp ’. - t i -  w ;,n ’ m - f o r m  — g i ’n i .’r - a t i on amid c o n i i u r m .-- -i s ioru suhi-i v i _ t u - m u n  w n u s  f n , t j r n , m m t  i - u i  for (h i- M - \ S I t
s \ - - m t - u u n , ‘I’he i m u m n pact a s s e m m i b l v  conta ined  a ~~~~ M h z  — b u m n n d w i d t h  - x 1 i n u n u l i - i -  and m a t i - lnc ’d  co m —
p r v s s u u m  as a- el I as a 10— ~l I l i  — b a m i d w i r h t h  u ’~~pander -  anuh  t h z - e m -  un n i t  c lu ed  pulse c n m m p r u ’ s  sors.

V .S. Dolat
It . i_ ’, \W i l l u m m m — o n t

( ‘. I I I  ‘ Al  ;\( .‘OL ’ S l (  ) I -  I .I- :( ’ r I-tt c (‘( I N V (  )I VI -  R H )h ( I ’ROCI- :SS ’ ~‘~ (

0 Dl ’SK SIGN A l S

A ul ual acou sbo u ’l ec (r i c  convolver has h u m - i - n  du ’vm ’lo 1m e d f u r  t i n , -  Al ( I ’A Pack ,-! Radio  Sv

‘l’his i t i - v i c i ’  p rovides  the capabi l i ty  to decode d i f f i - r e n t i a l — p h a s e — s h i f t — k u - v e u l  hI ) P SK I data v , i n u u ’ t n
have been sruread to a 100-Mh z bandwid th  hv  means of cont inuously  changing .  p s u -u i b o r a n d o m ,
b i t -encoding  waveforms.  ‘I he b it r a t e  is 100 khps , co r respond ing  to a spreading facto r o f 1000 .
Development of r ,c OUs t Oe~cc- mc -  convolvu ’ms  was described in a p r e v i o u s  Solid State ReportP In.!

t h a t  t imc ’ , tu n d u - s ir a b l e  t empera tu re  var ia t ions  of device r e s }no n s t .- w e re  encountered. In thc ’
c u r r e n t  devices, improved packaging techni ques provid m ’ t n -m p e r a t u r e  s t a b i l i t y  and a r m -  comlu at -
ib le with  commerc ia l  fabr ica t ion  techniques.

A prototype convolver capable of providing a matched-f i l te r  funct ion for a lO-p sec 100-M h z
waveform was previously developed for AI(PA !’8 ‘l’his device was able to decode I00-kb ps,

ph a s e - s i u i f t - k m ’v e i l  (PSK ) data which had been spread to 100-Mh z bandwid th  by means of pseudo-
noise , I’SK h u t - t - n c o d i n g  waveforms  which changed from bit to bit .  However , decoding l’SK
waveforms  requ i r i ’s  a coherent local osci l la tor  as reference , which is unavai lable  in many corn-

u u m i n n , ation s y n - i n t - u r n s . It was  t h m , r u fore decided tha t  the  f ina l  devicu’  to be developed for t h u ,  l ’ n ic k i - t

Radio S n- s t e r n  should he able to decode d i f f e r en t i a l - p ha s e - s h i f t — k e y e d  (Dl ’SK( data .  In t i t u s  case ,
nu t  cohe rent  refc ’renc - is required , hut two adjacent hi ts  mus t  he matched f i l t e red  and the i r

i - m u !  v u -  i iha s - - u- o u n t j n m m  r i - u ] .  Thus , a d if fe - cn t i a l  phase of 180 corresponds to a binary “I .”
whi le  0 corresponds to ~~~

One r o t - n u n s  of accom 1tl ishing th u s l)PSK decoding process would be to uu s e  two lO-p sec con-
volvera and a tO -pse c  delay l ine to provide matched f i l t e r ing  and a l i g n m e n t  of the c o r r e l a t i o n

- i ; iu .kes , r i ’n - i p ec t ive ln - . Such a s t ructuu’ e would requi re  t empera tu re  r e g u l a t n u m n  of the om ’ , b i - m  of
t i - n u n  of mil l idr ’gr - c-s  t u , ’t wevn  the re s iuen -t ive acoustic s u h s t r m u t u - s . Even if all components were
i n t e g r m , t m ’u I  onto t h e  same subs t r a t e  for t i - r n p e r a t u r e  t r a c k i n g ,  m i n u t e  a i r -gap  var ia t ions  could
n m l l o w  unaccc~u t a h l u ’  changes  in the m i - l a t i v e  phase of (h ,  out put of the two convolvers.

To u - l u u u n m n a t e  prob li -un s of pha s i -  variat ions with  t e m p e rat u i - t ’ , i t  was ui c -cided to use a sun ig li-

convolver dc - v i c e  of 20-~isec t ime capacity.  By su ’gm cn t ing  the  si l icon of such a device into

lO-pse c  elements , a phase comparison of the simultaneous com -r e l t u t u on spikes of two adjacent

I0-~usec bits -ould be performed in a sum-di f ference  hybr id . Because all s ig m u n i l s propagate

along t h e  same acoustic path , u n h i ’ r u - n t  t empe ra tu rm-  s tabi l i ty  is achnt -v -d . Assembly of such a

device  re’~m u i r i - ’ I  t ( u n n t  two 1. 3 7 5 — i n, by 0. 030—in ,  s t r ips of s i l icon h i -  laid e n d — t o — e n d  over a singi , ’

0.0 i 0 -in . - w i u h e  n i c o t u s t i c  beam path. I t s  means of an indium-bonding technique adapted f rom wou ’k

on laser diodes , the two s u l u r u u n  s t r i ps are itreci sel y aligned and bonded to a t h i n  (3-  to 5 - m i l b

Kapt on s l i m et .
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I n i .  \ —  , h i  t t i u ’ i j ’  1 , I , u  I — u  , i r , n ’ h n ,  u s u h m n i s s i  u n i l u h i ’  — i - I ’ m i s n — t n u n p  i t t  - i  I n ”, h , O~
u ’ , - ’ , .- t  i i  z u m n , l  ‘ ‘k p in n u h i  t i n , -  u m u ~ n i ’ u uu u t c h u n g  u n , - t - ,’, - u  k u , h a , ,  3 0 — u m i u h — n ’ , n t l t -  u — n h —

i n  - t I m - 1 , - — b , , n t u l , - u t  i ’ r ì u i  m m ’  i ’nu l  ‘ ‘ i n  - , i’_ u ~ u b o m u  s h i m - u  n t u i , l  - i  ~ l u t -  ( I n  u - n’ , -  S i n

n i  ( l i i - , ,  
~~~ 

u ’~~~~u 1 s i i b m i s m — t - u n u t u h n ,  s u t  t h u  u ’ I - l ’t , , ’ i l v , ’ m ’  m u , ,  u - , h u i u i ~~u n  mm I , , — , \ u,’ - ’ I u l — i u l m n i ’ u f

n t I m , i u n u n u u i t u  h m , m s u -  t o , I u l u —  m u ~, n n ’, —  - ~~~~ .— 
~~~~ h u l b m u i u m u u — n u ’ i b i  n ,  i - i n s t  b in n t l ~ l i m i t , -  t~n u - - i -  S ‘ u I  pu  m i i u m i , h

‘ m u ,  i t . r h , i  - ~mt - u- ., l u u ’ l  nn i - u  u ,  t ui - ~ m , , u m i ’ (  I I  u i ’  - I , ; ,  -i - ,  I u s i - l l t I I t u i i i i ,  ‘ m n  mu u . u ’, m t  s— , , i t  — m l  mu . _~~ I

; u ’ ’ s t s  w h i c h  r u i n m n u , u  - u n I t  m u  u m i n i , i r ’ r n  n , n i - u _’ , ‘ - ‘f y-gtll n~ l u - t a n - u - i n  t i ,  u - _ m I n i  - u n  - u n u l  I t b m , u m u m  mm ‘ I .  t I n .

m , s~~m - m u u I , l  - . \(  i - - u n  I ,  - ‘ u n i , l i i i -  u s  . n m u  , I , , u u ’ ’ u , . u  l n l n u t  t i l t -  ii h i n d ,  h: , s un n u n u l u m -n  i ’m , . ’ i n , rh u —~~ ; , ‘ , m -

s h u , 1 , l i i u t  , , i m u u l  , i  - P t  u i n 1 i ’ - u i n m r u u  u -  ir  u u u i — t l t u t n ’ l .  I l u ’ s u n t i l  l , i i , ,  t i t ~~ I i , -  i i - ’  n , I i , - i (  t I m  n u n  n t i t n  ( u t -

i m u t u u ’  i i i  m’ ’ - u u-~ n u t  ‘r ( I  l i i i  m u i  I t l ( n — \ h ( I _ - (~~&j i { I n  n n n l , n  n t i , . l i u i ’  i i ’ - -~( s u n t ,  I u - , s , ’ u i n h l ’ ,  u s  ~ n ’

m i t  Ii I a - i 1 . 175— mi. — I m i u n c ’  bun  t h i n -  ) t t  — n , — in m u l e  s u i t  i u m u n  - - t i  ip n -m nmum i m m mii tuuut i m l , - 1  i-ni l I - t u t u ’  I u,n i t .

I tn  l i v , - I I i t  1t u t - n  u S l i i  a I’ . ( u t  mi e l i — r u i n  n-i t _ ip p l n i - s  - I I I  I ,  u - l i t  ui. t s u m —  ou ch i ‘ u n u  i u ~ c t u n u , ,  - n t ons  t

m u

p I n t ’  \ ~ h s b i ’ t n n s . m  - u t  , u l I n  , s s m ’ t i i h , h m - d  n I t - v  i t - , mu ‘ , t - h n i , - lu  ( t o -  1 h . , t u  ~,i i ’ , ’ , -  m i i i  u , i i u  i m i t  m u m -

j , h n i m i . ( h 0, i- m ’S u n — t ’  ‘ u - u- , w h o - h i  t u - m ’ t i u u r u n , i t -  t I n ’  t r m u n s n i  u s su o i ’, I u m , u - s  f u u i i i i i ’d  l u ’ ,  1 1 m m ’  s u l u u ’ m i mi , (‘- n I l bum-

‘ -m n t i i r o u g h i  ‘ ‘ n u t  i h ’ ’ u u ~’ h i d  - n u u h , - s .  l- ,,,ir ’ —tu u — t uu,u’ u r i u i u i - i l n u r u c c  t m ~: n u , s b  i u i i t u ’ m S  u- - t i n t , ,  i t  t h u  , - , - n n t u  n- u- —

I I  s u h u c , m m u  — t i  ps m u  t h ’  m ’ n ’ i - n ’ r i n u l  u-i n ’ s u t ’ m - mi . \ I s u u  ‘ - i l n u u a t i  : u r u -  ( n i  It I ’ m - s t u  u p. I t u - i n I I i u u r m i —  l u l l  n m - i

s h i nr i i , s~ i m - i r n ~ p u i u t l i ’ , -~J u m - n i u t ’ ’-_ , u u u t l  , m - , - n - , s i u u - , -  - l i t , . I b u t - s i  u i c n m s , u , -  nu . n — u - , t i h n h i  1 n u t , ’  t I ,  , t v m ( v

( i n .  ‘ I  ‘ ‘ ‘ ‘ t i , a l - I  u n  t m  n u : , u m i t m u i n  t h u t —  u h , - s n u - m - , l u u i ’ s s u n ’ i ’  u in t h u t ’  — , I , u , u u  , i t n’ t - i -  :, it ], ’ t i - n u n  i l ”

I t ‘ n m - i - I - I t

u m  u m u i p r o v i ’  u i ,  t t - n u , j , u  m i t u t n ’ , m ’ u t , u i m u u ; , m i r u -  ‘ m l  t h u t ’  , , m n n v , ,~ v i u . ._ t - ’ , t i ’ i , s n v i -  t i  s t n u u n  hias l , m - , u u

- u i , ’ - ’ t n u n , !  i o u  t I n — ,, — ,  - — I  m i n i - b u m - , . m m  m i l l ’ , , t I n ’  1 0 — 1 , i - n t ’ c  u h u ’ ,- u , - ,’s sl n , m n n u - i h  a 1 . ! — I t t  2 5 — u h I l  v i m - m u —

t u t i t i  I n n  , , u , ’u l m h n l  i ‘ t i n ,  a u u , n u u v , - m  i~~ , i -  t i n  I t - r ; u t u n r u  t : u u i ( ’ u -  f r ’ um mr i 0 ‘ u  1—7 5 1 , - \ s  nn u - ‘ —s u I t  ‘i u m t i —

i r u u v m  u u , m ’ n , ! s  m u t i , - ~,-t eu ’ h m i m m n t -  1 u _ m r k n i g t  mi n i]  th e  s , u n i m ’ i ’ r — I u o n — _ t  , n u t ( m - u - u u  Ol i n  t a o  u l u i m u - ~ t m - u - u ’ c ’ m u t  I ( t — , , — t ’ c
• ‘h - v u - m s  t i mid  v , o n t ‘um i’- u I  c , u u , -,’ u , h n - , - n -  t ’ f f n i - n , ’ u u u ’ ’ ,  u m f  -i d l i  n u m u l l  I u I I 1 , m t - n - (  u - u - t u n i - I n , , m v m ’ m -  ( ( m m ’ s , u u m m ’

t n , p u - u  i t  n i ’  r n ing m . I h u u s  n i t - p r - i - i -  of v n , i ,  i r o n  18 ; u 1 u p m - n u x t u t u u t m - h v  u ’ u 1 u u n u l  (mm t i n ,  b h m i - u u i - , - t  nu ; , h I ’ ,  ~u t —

t h a c t i - t I  m u - — n t , i  1 n- n t  I t  , l u m ,  h u t  i u  t h u ’  h , - u u , 1 , u - u - n , t t n u  , - ‘ ( ‘ - ( l u - n t ’  u - u t , - , -  of u - ; n , r - n u - m  ! T u t u h i l u l \  in  t h u i ’  s m h i u ’i u m n .
L ) nu ,  of t i n ,  ~ m ‘ , u -  n~~ I t - i n- I u~~n t n t n i n n u u m m h  u s  t b -  u n — u ’  of l i t - i ’ , l h i n i m t u — , u u ~u p u - r  u - n i u m ’ i r i g n — - a b n i u - h u  t i — m u n s r u u i t

a mum- ,,! I - , u - ’ u m , s t , , u i t  . . i i t h  u r u i l , ’ i rn n m m s ; u n u  , -  t u m  I h i -  h ;i ck  ui t h i n -  s u i u , - u n i t tu n’ m u g l u  m m m i  mn t m _’rvt ’ning lan - u - i ’

5r,
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‘ i f  I \ m i n t u l u , ’ t  as shown in I m g .  V —n - . ‘.i t u n I c  the  expansion coefficient of R I’V us  m u - t i n y at , o rder

‘f iii m n i i t n n t t -  p m n - m u l t i  t h a n  I l , ’ -  a l u m i n u m  j u : m n ’ k : m g i ’  w h i c h  conf ines  it , l i t , ’  s~it ’ mn g s  h iave  an m ’ l m i s t i c

c . m m i s n u mmt  a-hich , b i’, - u - , - n i s m - u  a n U t u t ’ u u i l l , - i  m i n i m ’ . I nm ’  res ult  u s  a st m ’u c t u r e  which  n i u a r l v  c u n u u u j u l ’ - ( ’ - I n -

i ’m > t i i ( u , ’ t i s m i l t ’s t u m u  t h e  t h e r ’ u u i n u l  t ’ \ 1 s u i t 5 m u n u  of i t s  n’ n , u n n u u u s  ‘ ‘o iun 1ionent s  r esu l t ing  in a v t - m v  s t n u b , l ’ -  a i r ’

One oh the  I 0—p sec  , h t - ’ , ’ u , m ’ n- ’ 1 , n i 5 5 i ’ s s u m i ~ T I , , -  i ‘ ‘ I  u - m i t  i r n lm r ’o v e rn en t R  ham- , l u , ’ u ’ n  u - n - c l i ’ u h  21 (m um’s
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