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ABSTRACT

this report covers in detail thre solid stat.- restearchr work of the Solid State

D~ivision at Lincoln Laboratory for the p. riod 1 F'ebrua ry thrrough 30 April 1981.
The topics voVe red a re Solid State D)evice RLeSea rch1. Quantum Electrtonics. Ma -

trials Resea rch. Microelectronics, and Analog Device 'I chnology._ Funding

is primarily provided by thre Air Force, with additional support providod by the

Army, D)ARPA, Navy, NASA, and I)1K.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

GaInAsP/lnP diode iasers have been fabricated with an intracavity electroabsorption

modulator. The additional loss produced by operating the modulator near maximum

reverse bias increased the laser threshold by a factor of as much as 2.9 relative to

the threshold with the modulator open-circuited. Large depth of modulaton of the

laser output has been achieved at frequencies up to 2.5 Gllz, the system measure-

ment limit.

InP optoelectronic switches havr been shown to have potential performance advan-

tages over conventional diode hridges as electronic mixers. These advantages

include -solation of local oscillator and signal, simplicity of construction, and lin-

earity from low frequencies into the gigahertz range. Mixer operation has been

demonstrated at 100 Mttz, and calculations indicate good performance into the giga-

hertz range with existing InP technology and GaAs laser sources.

I. QUANTUM ELECTRONICS

A preliminary study, including laboratory measurements, has been made to test the

capability of a dual-laser differential absorption LIDAR system for the remote sens-

ing of hydrazine, monomethylhydrazine, and unsymmetrical dimethylhydrazine,

which ar, used as aircraft and rissile propellants. The results indicate that a de-

tection sensitivity of 10 to 100 parts per billion in the atmosph(-re over a range of

several k onters should be achieved with these, molcul ,s.

Two GaAliAs f (;ub'e-,Interostructur(- se-miconductor diode lasers, t.ach in a separate

*xtt-oal cavity, have been he.terodyned. Broadly tunable (10 nm), single longitudinal

mode operation, with a spe-ctral lin,.width less than 15 kIlz, has been observed for

thc first tim,,.

The characteristic time-s for thnrmalization to the lattice temperatur, of electrons

excited to the upper noncentral conduction-band minima of GaAs and InP have

been m,.asured using a four-wave mixing technique. Relaxation times of 1.1 ps for

GaAs and 0.3 ps for Inl' at a lattice temperature of 300 K are obtained. Measure-

me nts of the nonresonant third-ord,-r susceptibility in th,se materials show that it

is dominated by bound electron contributions and is inse-nsitive to the free carrier

concentration.

[II. MAT'LRIALS RESEARCH

Shallow-homojunction GaAs solar c,.lls have been fabricated from sirgl.-crystal

GaAs ,.pilayers grown by chemical vapor deposition on Si substratt.s that wer coat,,d

with a thin ,pilayer of vacuum-vaporated Ge to enhance GaAs nucleation. Thes,,

cells, which have conversion fficiencies of 12 pereent (AMi), ar( ',!I' first reported

GaAs devices fabricat,,d on Si substrates.
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Cathodolumin,.sc.nce -xcited by the electron beam of a scanning electron microscope

has been utilized for nondestructive characterization of the optoelfectronic properties

of polycrystalline GaAs doped with Zn at the concentration level (-101 9 cm- 3 ) used

for the substrats of GaAs shallow -homojunction solar cells. By Employing cathod-

oluminescence imaging and using spectral analysis to determin,, local carrier con-

centrations and diffusion lengths, it has been found that grain boundaries in this

material differ significantly in their effects on nonradiativ,, recombination and im-

purity distribution.

A simple transient annealing technique, which should bt. us(,ful for large-scale semi-

conductor processing, has been devcloped for removal of ion-implantation damage in

Si. For samples implanted with As at concentrations below the equilibrium solubility

limit, annealing at 900 ° to 1000°C for only 10 s.conds on a graphite strip heater re-

sults in electrical activation comparable to that obtained by a conventional furnace

anneal at 1000°( for 30 min. , but with negligible dopant redistribution.

A simplifi,d version of the LESS technique (Lateral Epitaxy by Seeded Solidification)

has been de veloped for the gi owth of single-crystal Si films over insulators. Films

grown over SiO 2 by the new method, which uses a stationary graphite strip for tran-

sient he.ating, are comparable in crystal quality to the films obtained by the original

me.thod, which us(,s both a stationary heater and a movable h(ater.

IV. MICROELECTRONICS

The technique of charge skimming has been investigated for use with the CCD imager

developed for the GHOI)SS (Ground-based Hl ,ctro-Optical Deep Space Surveillance)

Program as a means of increasing the se'nsitivity of the sensor for daylight sky sur-

veillance, an application characterized by high background and low contrast. To

demonstrate th, capability of this technique,, the final transfer stage of a CCD array

has been operated with a signal of approximately 3,700 electrons electrically added

to an optically induced background of 400,000 (lectrons.

A metallization technique, in which alternating films of silicon and a refractory

metal are deposited from a multi-hearth electron-be.am source without breaking

vacuum, has been used to investigate the formation of refractory-metal silicides.

Although TaSi 2 and MoSi. are readily formed by this technique, the chemistry of

vacuum-deposited tungsten films results in an isolating oxide between the tungsten

and silicon films that prevents the formation of WSi2 up to 1000'C. This prope-rty

of tungsten makes it inherently useful for buried-metal films in silicon devices.

The high-accuracy alignment capability of scanning electron-beam lithography sys-

t.ms has b,.en appli,-d to FET device patterns with submicrometer feature sizes.

A multist,.p alignment procedure is us,.d which involves coarse registration to large

alignment marks vie.wed at low magnification, followed by high-r ,solution alignm(nt

using a st of small alignment marks imaged at high magnification.

viii



V. ANALOG DEVICE TECHNOLOGY

Tests on MNOS/CCD analc -,'mory chips indicate, that th. devices can withstand
6at least 10 .rase/write cycles before the onset of degradation in writing and reten-

tion characteristics. Fixed-pattern noise is tht major source of error in the mem-

ory and is caused by threshold voltage variations both in the. thin-oxide (memory) di-

eltectric (-40 mV) and in the thick-oxide (nonmemory) dielectric (-25 mV). The

device also functions as a binary/analog memory correlator, with well over 40 dB

of linear dynamic range de-monstrated in the correlation of 15-bit M-se.qu.nc.s.

As part of an effort to utilize superconducting circuits to produce very wideband

analog-signal processors, a design analysis has b.on carried out for tapped-delay-

line- filters made with superconducting waveguiding structures. The constraints on

delay and bandwidth s,'t by conductor loss, dielectric loss, dispersion, crosstalk,

and current technology have been determined for microstrip, striplin,', and coplanar

waveguide.s. Matched filters with time-bandwidth products of over 1000 and with

bandwidths of 2 to 20 Gllz appear feasible.
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1. SO)ID I STl'AT DIi )E V cIE It I: S IA ItCH

A. INTRACAVITY LOSS MOI'LATION OF CialnAsI' lDIODE LASERS

lntracavitY loss modulation of diode lasers is a possible alternative to conventional current

modulation, particularly in applications requiring large depth of modulation at high rates where

current modulation becomes increasingly ditficult. Intracavity loss can be produced bly inte-

grating anl electroalisorption modulator section with a wavegu ide section and anl optical amplifier

section as shown in Fig. [-t.

OPTICAL PASSIVE ELECT ROASSORPTION
AMPLIFIER WAVEGUIDE MODULATOR
SECTION SECTION SECTION

11P HeA~ ' W, AN'[

Fig. 1-t. Schematic drawing of the laser cross section. Thle optical
amp~lifier and modulator range in length from 1 50 to 200 ±m and 50 to
79 4nm, respectively. The waveguide is 25 l.±m long. A mesa (not
pictuired) is etched to provide lateral optical confinement. The end-
face mirrors are formed by cleaving.

The device structure has been fabricated from a conventional double -heterostrrctu re wafer

,vithoitt the use of a tapered active region thickness or a varying material composition. IOptical

gain is produced by the forward-biased double-heterostrtrcture amplifier section. Thle electro-

absorption loss takes place in the high-electric -field region of the reverse-biased p-n junction

modulator section. The waveguide optically couples but electrically isolates the amplifier and

the modulator. Complete isolation is ensured by making the waveg-uide longer than the suni of

the modulator depletion width, thle diffusion length of carriers injected from the amplifier see-

tion, and the width of any strain -enhianced lateral diffusion of zinc at the phosphosilicate glass -

Inl interface. The laser mirrors, shown at cacti end of the structure in Fig. I-h * are formed

bY Cleaving.

Thie devi cc striucturec was grow&n by liquid-phase epitaxy (IA' l1 on a 1100-oriented Int' Si)

subhstrate doped to 2 x 10 18 C11m 3. The step-cooling technique was used to grow a 0.2 -lim-thick
active lacer of ('. I Ar.7so2 1, and a 2-i-thick hnP cap layer.Thlitdnrci

cenitration ili both have is Aas -1 x hO cm el3. Ani hll buiffer layer was .ot needed because an

atmosphere of I'll 3in 1II was used to pentthermnal ethng, the suibstrate pirto g ro~ lb.

Zi nc was di ffuised th roulgh a window% tO to 2 4ni wide in a phosphosi licate glass I 'IS( mask

to forml a pt ii nction for tile amplifier section. A modulator section approxiriatel. _") pml 'A ide

and 50 Iim long. was formed byv selective implantation of lie ions into the hill call, follo%ed byN

nnealingL at 700 '( for 10 mnl. with a I'SG (,all layer, in a flow ing atmosphere of I'll ,anidx

I lief. 21. 'ThriInI aud (altiAs I' epitaxial lagvers were muasked aidl( etched to leave a ninesa 2 pll



I '-. 2. Pus,ed thr hld, normalized t(, the threshold of the laser
Ith the ,mothilat,r ,,lpell-circ,,ited, as a functi on of the modulator re-

ver~ebi,

.' I - i. I)et'ted V %V.thrI )f the las,' utIput With a 2.-(;lz modulatioi

-'IL?,31 ;I))lle'd t, tht,' , hi' da.t'r. The ho t-t'i]o t"l S'ale i. 2 11S 0'or l, alor
d i l l , .



wide for lateral optical confinement in the waveguide and modulator sections. Plated Au-Zn

contacts were microalloyed to the Zn-diffused and He-implanted regions through a !'SG insulator

mask layer, and plated Au-Sn contacts were microalloyed to the n' substrate. Ti and Au were

sputtered and photolithographically defined to form coy tact pads on the p side.

Pulsed laser threshold currents of 260 to 300 mA with the modulator open-circuited were

typical. Vigi, re 1-2 shows the threshold of one device, relative to the threshold with the mod-

ulator open-circuited, plotted as a function of the l)( modulator reverse bias. The pulsed

threshold increased by a factor of about 2.o upon application of a 20-V reverse bias, just below

the modulator breakdown voltage of 22 V.

The lasers have been Q-switched at repetition frequencies between 1.7 and 2.5 (;Iz by ap-

plication of a ('W microwave signal to the modulator and an electrical pulse to the amplifier.

The operating point of the modulator cat, he detecmined with a C)( bi'as, which is generally set

at a voltage near half breakdown. The electrical pulse to the optical amplifier is then increased

until the laser turns onl, and the microwave voltage swing is adjusted between the forward-

conduction and reverse-breakdown voltages of the modulator. Typically, the microwave drive is

about 200 n\V into the unmatched circuit. A C 'iiAsI'!InP photodiode with '100 ps rise and fall

times is used to detect thre laser emission.

The detector output, as displayed on a Tektronix 7104 ,scilloscope with 1-(;Ilz bandwidth,

is shown in Fig. 1-3 for a nodulation frequency of 2.2 GlIz. It can be seen that the laser responds

at this frequetncy after initial trainsients have decayed. The apparent depth of modulation is

limited to aoiit 50 percent by the oscilloscope frequency response, which is down approximately

15 d1i at 2.2 (;Ilz. large-signal nodulation has been observed between 1.7 and 2.5 G lz. Above

2.5 (;tlz, the ostilloscope was not capable of providing useful data.

Additional high-frequeny neasurcments, utilizing a sampling oscilloscope, provided a

better indication of the depth of nodulation. Since the optical-amplifier pulse atid the ' icro-

wave signal are not synchronized, the nonrepetitive naturce of the signal precludes a true rep-

resentatioti of the w avefornl. Neve rtheless, the observation that the sample points fill in be-

tween the baseline of the trace and the highest points indicates that the depth of modulation is

substantiall'y greatcr than the ,0 percent seen in Fig. 1-3 and that the laser is likely turning on

and off at frequencies as high as 2.5 (llz, the limit of the present measurements.

Further work will be necessary to define the capabilities and linitations of this modulation

technique. 1). Z. Tsang .1. . Ilsieh
.1. N. Walpole .1. 1'. )onnelly
S. If. Groves

B. InP OPTOI TX'TII)N[(" MIXE'RS

InP optoelectronic switches are undcergoing development for use as electronic mixers.

The-ie devices offer several potential performance advantages over, conventional diode mixers,

iicluding such important features as isolation of local oscillator and signal, simplicity of con-

strutction, and linearity from low frequencies into the gigahertz range.

As discussed by Clarke and less, switches may be used as mixers. Figuire 1-4 illustrates

ore possible configuration. As shown, the switch s(t modulates the input v () to give the output

v 2 t). Clearly, when s(t) is closed, vi(t) - v2 (, and when s(t) is open, v 2 (t) = 0. In other words,

VI) is multiplied by, with, or mixed with s(t). This multiplying function, which is also known

as chopper modulation, may lie described analytically as shown. If we are interested in the term

3



CHOPPER MODULATION

Fig. 1-4. Illustration of the use of a switch

L_ III as a mixer. The three parts of the figure
sI,) AnnnAnflr nfl show the simplified mixer circuit, the volt-

age and switch waveforms, and the algebraic
Y"' ][n expansion of the mixer output.

SQUUUDV

*'O sit)

) I t) •)

PULSE GoAs

GENERATOR DIODE LASER

IWAVE H DIODE K 0B VDUAL
GEERATOR BRIDGE TRACE

100 O MIER PAD .SER SCOPE

I SQUARE
WAVE

GENERATOR

Fi . I-,. Scheniatic drawir 1i of the demodulation experiment used to
(Ie lst rate, mixer operation of an InP1 optoelectronic switch. The
devil,. .sed In this test was of the gap-structure type with a 3-pni gap.

4



involving the fundamental of the switch period and the input signal, filtering can be used to mini-

mize the other terms. This process becomes more difficult, however, as the bandwidths of s(t)

and/or vI(t) are increased and the unwanted terms become included in the passband of the output

filter. Another technique for suppressing unwanted terms in mixer response is to employ a de-

vice which is bilinear, i.e., the output is linear in both the HF and LO drive signals. When the

I.0 applied to such a mixer is sinusoidal, instead of chopped as s(t) is in Fig. 1-4, one eliminates

the higher order terms.

As shown above, switches can be used effectively as mixers. The InP optoelectronic switch

has a number of important advantages relative to conventional mixers. These devices provide

essentially total isolation between the local-oscillator and the other mixer ports, thus eliminat-

ing any leakage of the local-oscillator signal to the output II" port. There are no nonlinear ele-

ments such as diodes which generate and mix harmonics of both RF and LO signals, thus intro-

ducing spurious signals that limit the usable bandwidth of conventional mixers. The fact that

there is no DC offset in the mixer output simplifies the design and operation of circuits in which

the mixer output is video, i.e., low-pass filtered. Because the optoelectronic mixer is linear

in both [F signal and light intensity, the device has potential for operation in a bilinear mode

with the previously discussed advantages. In addition, the mixers are simple to fabricate.

On the other hand, optoelectronic mixers have a number of disadvantages. These devices

require a modulated source of intense light, typically a laser. This requirement suggests that

these mixers will need higher local-oscillator power than diode bridges, because lasers are at

best only moderately efficient. Also, as the required modulation speeds begin to exceed I (;lz,

the demands on the laser source become substantial and, in fact, approach the limits of modula-

tion speed for diode lasers. Furthernore, the on-state impedance of current devices is of the

order of 100 Ql, thus producing several d1B of noxer conversion los., in a 50-12 circuit. lowever,

this situatior is expected to improve considerably as a result of further device development, and

can be dramatically improved by going to inipedance-iatched confi go rations.

A demodulation experiment, shown .schematically in Fig. 1-5, was done to demonstrate mixer

operation of the in' switch. In this experinent, a 100-Mllz sine wave was nodulated with square

waves of different periods in a conventional diode-bridge mixer, and the resulting signal fed to

the input of the hil' device. The device was illuminated with light frora a GaAs diode laser whose

output intensity was synchronized with the sine wave, and the resulting mixer output was observed

on a dual-trace oscilloscope, along with the inout to the liP mixer. The results for two different

square-wave periods are shown in Fig. 1-6, where tile device output is seen to be a faithful re-

production of the envelope of the input, as expected.

SIGNAL

INPIJ T
SIGNAL

lig. 1-6. Ilesults of the de ,nirulatioi experiments of Igup. I-S at two(
different square-wave periods. The hartulic content evident in the
input signals is introduced by the diodhe-Ihridge modulator.



The discussion up to this point has centered on the development and evaluation of InP mixers

with low on-state impedances for efficient mixer operation in broadband systems. If one em-

ploys impedance matching to better match the on-state mixer resistance to the impedance of a

50-S circuit, it is possible to obtain efficient mixer operation even at relatively low light levels

as long as w is small in comparison to the cutoff frequency Wc . Impedance matching usually

imposes a reduction in the fractional IttF bandwidth over which the mixer is useful. lowever,

in many applications, this bandwidth narrowing would be of relatively little consequence.

TABLE 1-1

PROJECTED PERFORMANCE OF IMPEDANCE-MATCHED
InP OPTOELECTRONIC MIXERS

Photoconductive 1000 50 10 1
Lifetime (ps)

Maximum Operating 0.16 3.2 16 160
Frequency (GHz)

Minimum Feature 2 1 0.5 0.25
Size I (pm)

Capacitance (fF) 5 10 20 40

On-State Resistance 20 103 500 50 2.5
(ohms) for

= 0. 1 W
c

Required Laser 0.0015 0.3 3.75 188
Power (mW)

2
Device area = 20 x 20 pm

Electron mobility = 4000 cm 2/V-s

I)erfornance anticipated for optoelectronic mixers over a wide range of frequencies is sum-

niarized in Table I-I. A primary parameter is the photoconductive lifetime in lnP. The first

two coluins cover the range of phot-uconductive lifetimes that have been observed to date, and

the final two columns indicate what could be achieved if the lifetime could be further reduced.

F'or each case, the maximum frequency is inversely proportional to the lifetime. The minimum

feature sizes shown are representative of current state of the art in the first two colunis and

of straightforward development in the last two columns. For good switch and mixer perfor-

mance, it is desirable that the device on-state resistance be less than one-tenth of the off-state

impedance, or equivalently wc ) 10 w. This criterion establishes the maximum on-state

c6



resistances and thus the minimumi required laser powers. It is assumed that impedance match-

ing cani be employed to match the mixer to the surrounding circuitry. The power levels in the

first three columns are well within the state of the art of current diode lasers.

A.G. Foyt
F..). Leonberger
HI. C. Williamson
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HI. QL'ANTUtM 1HIA-('TtONi('s

A. S'IilY OF FEASIBILITY OF LASER REMOTE SENSING
OF HIYDRAZINE, NIONOMETliY11i YI)RAZINE, AND)

UNSYMMENITRI(AI. DINIETIIYIIYI)RAZINE

The suitability of the dual-CO02 laser differential-absorption LII)Al (DIAL) system
1 

for the

remote sensingy of hydrazine, unsymmetrical dimetiiyliydrazine (lll),and monomethylby-

drazine tMIMII) is being investigated; hydrazine, I'l)II1, and A\flIll are used as aircraft and mis-

si le propellants. The initial phase of this effort involved (a) the determination of the appropri -

ate CO 0 laser transitions for the remote sensing of thle hydrlazine compounds, (h) theoretical

estimates of the expected detection sensitivity as a fuinction of range for .,emote sensing mea-

st ive n orts with the systemn, and (cr) laboratory nleasticements and verification of thle differential -

abso rptioni coeffi cienots of the compol inds.

1. Choice of Transition Lines for, l)ifferential-Absorption

'rile choice of ('() 2 laser freqo enics to Ile used for reillote sensing of the ilyd az ines in -

eluided conisidleration of ( a) those C( O frep i' cic's obtai nalble w ith tile mini-T'EA (')O lasers

(h) tile (iiff-e eti al-ablsorp-Itioni of tile hydrcazinc conipoli ds at these frequencies, as taken fromt

tile n eva sorem en is of, 10o11er Ut al., 3and (c) tile atm~osp(herlic tr lan~smIission 4 and interference from

othle' atm~ospher'ic species such as amnionia and ethylene ', at thle c'hosenl frequencies.

BYv 1lsill"g tilt' above c riterlia, CO, laser frequencies veel c'hoseni to yield as larg!e a differ-

ecitial -lbsorp(tioll as posiblle clOsislelIWll)t nijtliminial inter'fer'encet effects, fromt either ammonia

or' ethYlenle. Whle ict is des ilrab I to ('hoose the freqliencv pails close together' inl order to maxi -

nlizI' til' nitilal . lc'letlce of the two laser' beamls, tilis prove(] difficult to achieve for b~oth) I DIlII

and \l\II. 'The (eXl)iic'it f'L'qtlelicy chloic'es along Illit) tl pe'l'tiellt absorption pal-anetel's arIe

givll ill Taiblu I -1

R.iemote' Senlsinyg Detectlion Sonsi tivi ty of I l~vd Iaz Ill C(ot~~l i

in aenera], one of two possible approaches is usually taken to determvine the minimum con-

centration, n rnin'1 of a trace species as a function of range, 11. Tihe first establishes thle limita-

tion by, setting tile differen-ce in tile backscattered reiturnI at thec two frequencies equal to the noise

s, i L'ia. Tile seconid approach assunes a limitation inl the abi litv to dis tinguiish c'iamlges bt'lW,%

sor1) pe e't'c I'm l ted valoIe ill thle differ1ence ll1tw eel tilt returnd SiimllIs (20 ) at tilie tWoI fI'e-

lpii'llies. The effects of both limitationls have llcen conlsider'edi for echi of tile liI'azines. 'The

ilasis for till' cacIrn atillns have ileeni given plrevilllslY7 and iWll no1t he' repelatedl here'.

I-lu thle case ill Whicil tile differ'ence ill retliln signls is set edial tol tilt nolise Si imlal, it

01ayv Ile sholwn ha ...11 in' ,xIII'0ss di r'rtl ill plarts per billion, is g.iven (IV

1ti n II h -a i t - , 1 (Il-1

where Ris tile range in 1<01, Auis tile di fferenlce ill tle ml culllal' ablsorption c'oefficients (If

tile trace splec'ics at tile twol IDlAlt waveleng~ths ill ilyits If (101 -ati)- anld 3is the atmospheric

extinctionl coefficicnt in kmll . Ini deriving! Eq. ill -li iSt' was nwade of paramietcer values appro -

priate to thle l)IAI. systeml, filc'iditlg a niICsie a (if 2X 10- W, a receiver area of 600 cm 2

anld a peak pullse power of 10 W; a 10-percent sYstenl efficiency and a 10 -percent topographic

targeft reflectivity were asstimed.

FMEnoZ PAGE BLAM-I, OT II Lk4E



TABLE 11-I

RELEVANT ABSORPTION PARAMETERS
FOR THE REMOTE SENSING OF THE HYDRAZINES

Atmospheric*
CO2 Loser Wavelength Absorption Coefficients Attenuation

Transition (P m) (cm-atm) - 1  3(k)
-1

Hydrazine NH 3 tI 2H4"-

(a) (b)

P(22) 10.611 5.27 5.41 0.045 1.09 0.1142

P(28) 10.675 2.26 2.17 0.36 1.30 0.0976

Differential 3.01 3.24 -0.315 -0.21
Absorption

NH CH
UDMH 3 24

P(30) 10.696 2.28 1.45 0.86 1.63 0.0907

R(10) 10.318 0.11 0.05 0.78 1.51 0.1142

Differential 2.17 1.40 0.06 0.12
Absorption

MMH NH3 C2H4

R(30) 10.182 1.32 1.36 0.029 0.56 0. 1137

R(18) 9.282 0.29 0.23 0.13 0.61 0. 1418

Differential 1.03 1.13 -0.10 -0.05
Absorption

(a) This work

(b) Reference 3

* Reference 4

Reference 5

Jt)



Under high signal-to-noise conditions, such as occur at relatively short ranges, a more

valid approach is to establish the minimum relative difference in the two differential-absorption

Ili)AFR returns (ZP /P ) that can be measured. Assuming that value to be I percent leads to a
r r7

minimum detectable concentration of

50
nmi n (P N) 0 (II-2)

With the use of Eqs. (ll-1) and (-2) and the appropriate values of Aq and 3, as given in

Table I-I, the minimum detectable concentrations of the hydrazine-related molecules have

been determined as a function of range for a single pulse pair. The results are given in Fig. 11-1,

which indicate that remote sensing of these molecules in concentrations of the order of 10 to

100 ppb is feasible at ranges up to 5 kn. These results are subject to further improvement by

averaging over several pulses.

104

AP LIMITED (Eq(fl-2)]

105 NEP LIMITED LEq-II]

MMH

102
UDMM

E

HYDRAZINE -

0 01 02 10 10

RANGE Ikm)

1,i.[1-I. Mininmul detectable average concentrations of hydrazine,
unsymmetrical dimethylhydrazinc (('I) In, and monomethyhyd raz ie
(31311) by topogrnphic reflection as a function of range using a single
10-iml, 100-ns laser pulse.

3. Laboratory Absorption Measurements of lydrazine Compounds

Absorption measli rements of the hydrazines for the chosen frequency pairs were carried

out in the laboratory using the dual-laser I)AI system. The measurements involved firing the

first laser at the on-resonance ()2 laser frequency followed 50 Iis later by the second laser

firing at the off-resonance frequency. After passage through a beam splitter, both laser heams

followed identical paths throuph an absorption cell containing either air or nitrogen at atmospheric

if



pressure. After establishing tile 100-percent transmittance level of the normalized laser beams

by averaging over 1000 pulses, a known volume of a hydrazine-related compound in liquid form

was inserted into the cell and the laser bean transmittance measured as a function of time. Ini-

tial values of the relative transmittance were taken for every 100 pulses; after the rate of change

declined, values were taken of the average of 500 pulses from each laser.

Tie measurements in a nitrogen atmosphere were made to determine if the calculated re-

suits given above, which were based on measurements by Loper et al. using a low-pressure

C W CO02 laser, are applicable to absorption measurements taken with a pulsed ('O TEA laser

operating at atmospheric pressure. The results are shown in Figs. 11-2, 11-4, and 11-6, and the

absorption coefficients obtained fr'om these measurements are given in Table Il-i. The values

for hydrazire and MMII agree with those obtained by Loper et al., 3 
but the present values are

S0 percent higher for U'IDMll.

The hydrazines are known to be strongly subject to oxidation effects;
8 ' 9 

therefore, mea-

surerients in air' cannot be used to measure absorption coefficients. However, since such mea-

surements more closely simulate the effect of remote sensing of these molecules in the open

atmosphere, they served to establish tile feasibility of accurately following the changing con-

centration and to uncover additional problems which will be encountered in attempting to deter-

mine hvdrazine concentrations in the atmosphere. The optical transmittance through the air-

filled absorption cell as a function of time after insertion of the hydrazine compounds is given

in Figs. 11-3, 11-5, and 11-7.

Experiments are planned which involve placing a large cell containing known aniounts of

hydrazie conmpo(lnds between the laboratory and topographic targets at 2.5 kni in order to

establish the ability to monitor the presence of these compounds over distances of several ki-

lometers. ('alculations, supported by the results discussed here, indicate that the detection

of 10- to 100-pph concentrations over ranges of a few kilometers is feasible.

N. \lenyrk
1). K. Killinger

I3. S'E(TIRAIL 1INIW11)TII \llAS1I1I1M'NTS O1 AN EXT RNAL-CAVITY
SENI I('O N I' ('TO 1)IO1 1 E LASI E:I1

lRecentlv the operation of an external-cavity semiconductor injection laser has been shown10

to be a stable, tunable, single-frequency source suitable for spectroscopic applications beyond

tile capabilities attainable using a monolithic semiconductor laser. The external-cavity diode

laser is cormpoised of an AR-coated douh le-heterostructure GaAlAs laser diode positioned be-

tween a pair or All-coated lenses which collect and collimate tie diode radiation onto a first-

order Littrow-configruration diffraction grating reflector at one end of the cavity and onto a

partially reflecting dielectric nir'ror at the other end of the cavity. The laser cavity oscillates

in a single hon gitudinal mode tunable over a t0-ni spectral range with output powers up to 5 nuW.

Measurements of the mode spectraI width using a high-resolution scanning 'abry-lPerot inter-

ferometer show an instrurient-limited spectral linewidth of 3.5 Milz with a frequency jitter of

'00 kliz rms.

Extrapolation of the typical spectral linewidth from a nionolithic diode laser leads to esti-

mates of a few hundred hertz (at the output powers available) for the linewidth of the external-

cavity laser. In order to accurately deternine the spectral linewidth, two external-cavity diode

lasers were tuned to within I G llz with the aid of a high-resolution spectrometer and a scanning

12
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F'ig. 11-s. Time variation of relative transmission of 10.2-4m R(30) and 9.3-kmn R(18)
radiation through absorption cell containing air after inserting 0 lit of liquid MIMI.
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Fig. 11-8. A heterodyne beat spectrum
of two external-cavity diode lasers with
0.4- and 0.34-mW output powers.

-- 30kHt

Fabry-Perot interferometer. A heterodyne beat spectrum of the lasers could then he taken by

mixing their outputs on a fast avalanche photodiode. Figtire 11-8 shows an instrument-limited

heterodyne spectrum of 30-kllz width, implying a single-laser spectral linewidth of less than

t5 kllz (Lorentzian lineshape). Higher resolution measu remenits were precluded because of

frequency jitter of the individual lasers during the spectrum analyzer scan.

This is the first demonstration that an external-cavity GaAAs semiconductor diode laser

is capable of operation with a spectral linewidth less than I) kilz. This result is approximately

an order of magnitude greater than the theoretical estimate of the laser linewidth and is due to

acoustic coupling of the surrounding environment to the cavity and presumably could be reduced

by acoustical isolation. 1). Welford

A. Mooradian

C. NONLINEAR S'E('TIIOS(O'Y OF SEMICONI) (TO(IS

Previously, initial results were reported 1 2 of ail investigation of the use of nonlinear spec-

troscopic fechniques for sem'iconductor material diaglnostics. Measurements using these tech-

niques to probe hot-electron dynamics in IlI-V semiconductors and to stuidy the nonresonant

third-order nonlinear susceptibilities of III-V semiconductors have been made. The measure-

ments were carried out using foir-wave mixing techniques in which two input laser beams at

frequencies ' and a 2 are spatiallv ail(] temporally overlapped in the sample. Nonlinear mix-

ing in the sample results in the reneration of sidebands at 2ce -WZ and 2w2 - wt which are

monitored as a function of the frequency difference w I 2" The experimental arrangement

has been described in more detail previously. Briefly, two laser beams at wavelengths near

t im (in the transparency range of GaAs and InP) are generated by a flash-lanp-pumped

Q-switched 1.06-fim YAG laser and by Ranian shifting the output of a rhodamine 500 dye laser

pimped by the second harmonic of the YAG laser in a high-pre cure 112 cell. The second Stokes

output of the Raman cell is tunable from 1530 cn - t to -400 cm - around the t.06-4m YAG out-

put by tining tile dye laser.

The dynamics of hot-electron relaxation in GaAs and Inl are crucial to the operation of

high-frequency transferred-electron (TE) semiconductor devices such as Gonn oscillators. I

These devices depend upon the variation of an electron's mass and mobility between the central

valley at the bottom of the conduction band and higher minima along the L and X crystallo-

graphic directions. Iligh-frequency operation of these devices is limited h x the relaxation of

18



hot electronls fr-011 these Upper valley., back to the lattice temperature in the central miiinium.

Not%%ithstanding the importance of the reltaxation process to the operation of TE devices, only

very limited expe rimuental informiation has been reported t4hecause of a lack of Suitahle experi -

mental technriqlues.

The tour-wave miixinLg experimnilt reported here gives a direct measure of this relaxation

time. l'honon -assisted optical transitions betweeni the IF and X mni ima have been observed

in both GaAs (Ref. I I,) and till' (Ref. 16). Ilot electrons are expected 13to relax quickly to the

lowest nioncejitral valley I 1 minimii in); relaxation from this valley hack to the bottom of thle r
milinlmi is thle rate -Ii nlitin g step in thle overall relaxation process. Blecause of the large dif-

fe rence in the electron masses between the bottom of the IF minimium and the uipper sections of

tile coridtietjio hi and, anl elect ron miakes very different contributions to the m ediuni polarizabi lity

dep~ending, uipon its pos ition wvithin the hand. This mechanism has previou sly been shown t7to

lead to a countiu ti on to the thi id-n rder nionlinea r susceptibility . This previous calculation

wkas hor a ilegelieraite caIse whlere aill firequenci es were the same; extending the result to the case

of tl-riievexcitation gives

i'e (H ecNT I r R1  T -3)

6 irn ii c 1 I I

%%here is~~ the biacklcround iilinearitv of the hound electrons, a is the absorption cross

section, \the electrol de-iit%, T the t, ot-election relaxation time, and n) F~ and in L the re-

spective o lect iou mass-s, lir am It 1 are resonnce enhtanceiment factors gvnb

Y, 1 .) (11-4)

a here , - i, L 01 cm "It" trir, eulert-v above the valence hand. These resonance factors

alan tel tIi (It" 1, the electronic polariatiilitvy inl vae tipra ompared withl

the 'rrt r:d kab.\ o~rits 4t tbc lrCeiticv response of" the focir-wave mixing signial

1 vi. ~ H' I %:&jcati. the relaxation tirec 1'. The results of this measure-

1I 1-! 1'' 1 10 1 ,i L! - tvii t;aAs samiple in jig. Il-) and for- a 3.7 Y to 
t 

, .m

l Itp 1! i P i :I, .d ll e-'[. []to . Fm-i Im% lii eiltrationi samples, the \ iIconitribution (file to

flb'e c t a I tr I" i, 'Lia aasked by the hackgzrnuml siisceptitbilitv, and] no spectral

.'tr'tclli-~ is,eivo. I'ir the tar, pjectra, thle solid eucrves are least-squ,-res fits o f Eq. HIl- i)
I

( the data iil i allnig ielziation tiliue of T - 1~1 to sor ;i aAs anid T =3 X 10 sfor

lilt'. Thc r'ri rapid viot-electn c-mllinQ tin tll) is expected b ecause oif the higher LO) phonon

:1i1 !, riul uatei imiiliv tII ttcis mlaterial. [Tie relative values a recornsisteiit %N ithti te oh-

..d tntf fr-. 1,1.; 0'~ 1 I dc .0cks lII theste twi, iiaterrni .

1,11, l .iti' Ii fi the tteirijwratit t epenldeicles of these relaxation, tittles have' icon

carrid (mt. At a lattice 1cm pe ratce o f 4W1 K, the GaAs relaxation time has dec reased to

8 X to In I . Mnit extensive measulreimeiits over a broader teniperature raiige are presenitlv\

I~~ ~ ~ deI hII
Xt i d r.l t t i id i i ! t' t1whu.' lak L r i IiiC iu itit 1liutiuii li to tlie [fillII r-% ave n)ix i i)L proce -ss Is

plllili .'te'-., it woiIlt atlow. neasirineiiccit of the relaxation fillies over a %%iohm parallcete" rlnge.
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In addition, inl a recent pub lic ation, IKu poeek et al.1 have reported (CAR ISspectra If the
. -- 12

IA) phonoill ill I ,ii: s injllar to those inl ohil previous report. In their analysis they assumed a

b~ackgrund propolrtionalI to the fr'ee -carrier coieiitiatitoi and used the interfe retire between

the background and phonuii coititcbuitmis to to obtain a measurement of the carrier concen-

t ration. We have mecasuired the off-riesonanice (at cI c2- 100 cm11 I bark ground suIIsceptibi lity

inl a it ide rang-e or 1 ;a~s nlate cia Is ran ci nc from semi -inistilating ICv-doped to heavily doped
IS -3Thv-t 10 tj cm 1 - anld p-t.\pe waferis. Th ariation in the background , :, ('eltili lily was less

that: M0 pe'rcent ovet iis tti cc paria meter range. Thus, the re ported interference techimple

doe0s not provide a siiitallv setisiti\ e teci'iiie for monitoring electron concentration.s. Vea-

,Su lcleents ailli anialysis arecuiictlv 'iidei' %.av to provide a miore' conmplete iirderstarnIinV l

the baekcioiinlld SUSCeptIiility contribitimns as they are important foi- all types of noiliii'ar

optical n vas u cements. it . I. Brliuek

2.N.Nerivu aind 1'. F. V'..ltln, Rev. Sci. luh-. ' 21t, ilISO),
All- msS' -l I.

I. F. I 'ptt , i . \I" M. A-~ '. ',tampsii iral I. I. Nlra App.
I lpt. I" 272t, (1' hio
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ill. MATERI]IA LS RESE1ARC H

A. GaAs ShIALLIOW -iI)i(IlViN(' ION SOL.AR 'I .1.5 ON EI'lITA'I Al I. GROW N
ON Si Sti ISTIATES

We have previously reported 14the fabrication of single-crystal GaAs shallow-honojunction

solar cells that have conversion efficiencies exceeding 20', (AMIl. These cells emtploy ant

it /P) st ruc ture prepared by cihemtical vapor deposi ti on W(VI)) onl either Ga As or Ge substrates.

This report dlesc ribes the fabricatioil of Ga As shIalIlow -htonojo nction solar c Ie Is, with conversi on

efficierncies of t2": I A.Al), prepared from GaAs epilayers grown onl Ge/si single-crystal suil-

strates. These are thle first reported GaAs devices fabricated onl Si subtstrates.

Our pi'intarv mlotivationl for investigating Si as a substrate material has been to lower thle

cost and wNeight of efficient GaAs solar cells. A major reduction io cost would be achieved if

SuIchI ellS could be produced either on inexpensive Si sheets currently being developed for low-

c-ost Sij Cells 5or onl thin Si films ( 1 am i) being investigated for integrated Circulit uIse. H owever,

ptroviouos attempts to grow GaAs epila-vers directlY onl Si by (VI) have been largely unsuccessful

becaulse Of dlifficuilties in nucleation. As previously proposedtlV, w e have overcome these diffi -

c ultics by coating Si substrates with a thin epitaxial film of Ge before GaAs deposition. Since

6e and GaAs have almost thle same lattice constant (about 4 percent greater than that of Si 1, this

procedu re also has the advantage of locating thle lattice mismatch at thle Ge-Si interface, away

from tile G;aAs la ver.

ll(te c rystal line quli3Ity Of the' GaAs laye rs depends strongly onl the qualitY of the Ge layers.
7Of several prepa ration techniques that wer i n estig ated, *at uumi evaporation w as found to

Yield thle best (e laYCv'S. In this techniqueIC a p Si subStrate oriented 2' off (tOO) towAardis 14

is ira intained at aI temnperatt c of 550'~( wiile the (Ce is- deposited to a thickness of 0. to

0.2 outl itt aboiit 2 min. The Ge fi lms have mirrioi-sntotth sourfaces and have beven shom r to be

epitaxia I by lcci nit antd x - a v diffrac tionl tochit que s. Transmi ssion electrort microscopy rl 1511

Of tin fi lltS I'c'LNcald i i cotwirts and a denise network of ntis fit dislocations (-101c at the

(;(-Si iterface. in thei Ge films tihe dislot attonl t-iensit% is -10'9 cm11

iEpitaxial GaAs layers; we (reC dpIOSittl in ait As,(t -Ga\s - Ii, systmIl at (.801C onl the Ge-
II s '-3 11 -3coat(ed Si substrates. E~acht laver connsists 0f 11 (S, *I * 10 .111 ), p) ItIZ, I ,10 nm ), and

P, 17,1it. 5 10 cu s 1fl regions that a re respecti vclv 0.1t5, 2. 0, al 14 to 1- 4mt thic(k. A

sennldatr-ci etrot iicroe rapit of a cleaved anrd stainred GaAs shiallow -lornojunction structu re

grown it otc-coated Si is shown it) Fig. ill-1. Hin sturface is Itirir' snmootht, altl'atrg the GaAs

laveis ( oittaitt a few% crac ks pa rallel to !110! clenau ag plantes. Inn chlartreliitg ;ineasuremeitts

Show% tirat tiltese layVers' a rc of extellien
t 

c twsta I qitali lv. Igure 111-2 is a 2-MeV 4 He ion chart-

irelittg spen-irtin Of air R-gut GaAs la,' t ot a Ge-coateti Si stubstrate. lire itirtirnunt suirface

yrel is .1 pelri rirt, rqutal to tile value for upilave rs oit GaAs substrates. FL 15 obse rvationts

Inioti ate that there a re iro nt i rotw its i it tile GaAs layers, antd that tile dislocation deitsitv is
7 ,- 0odr fmgiuelwrta h eiivit i s

abiouit 10 cI Mt , w tei fiaiittelwr iattr est ntr e fims

'*it' fabri( atiort tec'1riiqUeS tiseti for tire solar cells we re sinmila r to those used for GaAs

'ells ot(sit11- rVStal (;c substr'ates. Th.Fie thickness of the ii' laver was reduced front its

initial value of I 500 A to about 500 A by alternating anodic Oxidationt and oxide renmal steps.

'Fit, lash of thtese steps5 was air anodization that formed an oxide layver about 850 A thick to serv'e

ais alt aittireflection coating,. The cell areas r'ange(] fromt 0.2 to ().3 nm2

2 Fp==Nr; FpAGEb BLAW±'a TI M-0,1
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CEL L NO 5630
ARE A 9 3 mm

IV 076 V
J- 24 4 mA/cm"

J~FLL FACTOR 063

EFFICIENCY (AMI) 117 percent

fo a (I \s i't.ll atI (Iu-coatecl >i.

I I it' l- i -,lox '- 010 , kHIlt' t-h ,,al Otajio 01,111llIdCIt.1 SililIlatUd :\ I1l illhjlntation

lilt' \ j 0.7(V the shor't-( l'tlit k llt'l',ilt dl'ilsjt\, J s is 2-1.4 mA /cum
2 

(niot I'ol'l'Ultcli for

'ltt tt ijjfit' aua l, an1 d tii'lNil tlfltol' is- 0.t 3, gij' hIn 3 cliaSi-l ull effi, ietiitv of' 11.7", I A t11I.

It, , lliiillisi (tllt' lo-st , clls (ill slil-jl -t' \'tal Gk' atil Gai:s slibstratus flaket \ o f 0.1:l\

I t'iti' il1l:l11illi t' Il'll\'1 \ of thu cull of1 <ii. Ill- i is plottc' as a fuinctioin of w avelengthi

I iLp. ill--I, % aitit 1/1 tlt's ftor (-)t, of' our1 ljlt-it k ils nil a Ga,\s substr'ate. Illti uffllluilcv

itlHHtl tilt', 'If of I ii. Ill- i' tir1 saurl', at %k\cule.il~thls ill to 0.7 ~Itrn andl olY 10 to 20 per-

A1 <ti! ' ' it' '.A!01(tlt'. a I't l'' illsiOll l('11tl ill tin' 1 r t iml. I lluuorbiiiatjon at dis-

It. it]I. ti-ol'), , nfiOlt'Illi's.-. to thij silorti'. difinlsin luuptl. 51( jilaik-s of' tilt cell of

-jo- a'I .5 tihat 11a'.' tilt, sanit' tiLY~t all) ia 1 I~lopt'10g aS tlhu Jilot'aIo1110IS idiu'iitii~

a' I 'tt. 'lip. tI- ' t t ijtu' na il \ waS ilutu'trjinud hVI tl'aS'l1lI('Iuull at Ilif-
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Fig. 111-4. 1I.xternal quanltum efficiency as
a function of wave len gth for the cell of
F ig. [H1-3 (6olid line) and for one of our

z ~hest cells on a (;aAs suhstrate (dashed
4 ~ - GaAs/Ge/Si

02- GoAs/GQAs
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WAVELENGTHI (prm)

I ig. lll-5'. l1)l( mucroLgraLph of a section of the cell of Fig,. 111-3
show rig r('conthirnationl al dislocations Ishort dark lines) mnd a
crack in the epi lave r Ivertical jark line). 1-xcitation was wvith
10 -lie electrons.
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A second characteristiC of the GaAs layers is thle presence of cracks, which are formed

because the linlear thermal expansion coefficient of GaAs is roughly twice that of Si, so that

the layvers are placed under tensile stress by the substrate durinig cooling from the growth temn-

periatire. The mlost serious effect of the cracks ,ccuris duii ii the cell fabirication Isiocediii-e.

TIhie Junction will be shunted if p-;a As exposed by a criack is elect inplatecl with Sn duingii for

niatioli of the upper contact to the ni region. This apparenitly occurrned for several cells. If()%w -

eveir, 11nIanv iif the 9.3 -nin Cells with good phiotovoltaic properties, inicludiiig the c ell of

Vig. Ill - , [had one or miore c racks ('rots ig the mesa. Since the biest of these cells had %,allieis

of' 'ics high as those for (ihvices withou-t cracks, the cracks niav not have a significant effect

onl V c Ili addition. 1-:131C( results iiiiicate that jt is iiot redUced byv proxiniitv to a c rack.

F~or the Ga-As solar cells fabricated oii G'e-coated Si substrates tile Is %-aluies aire oiily

slightlY below thle vallues foi' our best cells oil GaAs and Ge substrates. I iglici values ofV0

and fill factor will requireC imlproved Julictioii chiaracteristics, which we expect to achieve bY

further development of thle techniiqoe for epitaxial growth of GaAs oii Si.

R. 1'. Gale 1'. Alh. Dn)ais

1. C. C. Ia

B1. tA FI1 )IIIrIhoo!t I NI : S uI :N : AN ALY SIS 0 1I' 1I'01l.Y( 'I iYSIAII .I N I GaA s

Ihlie utilizationi of polve r stallinle Ga As for low -cost solari cells is iiot vet Practic(alI becaii se

the(- gIaili boiiiida lies (Ghis inl this material save adverse effects ohl device peiflinialle. \\ itli

the objectivc Of d10 vC'Oloig )i'okeihil es to r'edu ce these effects, We aC investigating ILoiaIi Zed

I' iAlionIs inl the Op~toeleCtI'oIIi i prope rties of polvcrivstalliiie GaAs associated w('ith i S andl the

Ifect cif t %ei \aiiatiols oii thle 1kC'ifornIance' oIf dI'i'icS fabricatedh ill polvcri'stalilin Ga As. Ill

,-Il l or11't studV ke d(2nioiist lated thle e ffeCtiveCIless of inlfrared electrolunsincescelice insagi up

Cor p111.111tati v a UN'a'~te rization of individual GlIIs iii hecavily doped GaAs. Ini this ireport wec de -

rc c i the appli cationi of cathiodoliiniineie-li(' (('I,) anlal vsis to polvcrysta iline GaAs. 1 1v cl -0

It.( tinli thct. UL emitted firom a4 semicolihtI~oc sped2iiell excited by the electron beaml of a scani-

illL electroll i, ocp SNCaa~ permits nondest ructivye evaluiatioii of poteintial

miati' ri akI foir phontovoltaic devices withiout the inecessity foir (Ia rge -separatisg junIctionIs Oo

ohinlic colitac ts. I'his technlique (aill be used for local Ineasit remi ents of carrier i'(onclltriati Oll

alitl diffusiou length iith spatial resolultioni of the ordler iof I 1105. as well as for thle i maginig of

spaitial vau'iatioiis ill radiative irecombiniationi by nieaiis of scaninilg ('I, mhic'roscopy' (StiAl hI'e

ohise r~ation of Its iin GaAs by S( lI has receiitly beeii reported by AMcilhei'son ct al. .10bilt thuei

worker., '5satle no detai led studx' of tile (l pr ~lope rties.
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Fhe material examined in this study was heavily Zn-doped (p - 1019 c lridgman-
grown polycrystalline GaAs. Interest in this particular material was prompted by its use as

the substrate for t3% (AMi) efficient shallow-homojunction solar cells prepared bY chemical
11vapor deposition.

Slices of GaAs were lapped and polished to a thickness of 125 frn and sawed into squarrs
2.5 mm on a side. Samples containing Glis with various surface morphologies were selected

for SUl\ analysis. All experiments were performed with the sample at ambient temperature

in an SIE.M capable of supplying accelerating potentials ranging from 0 to 50 kV. [he (. col-

lection is accomplished with an optical microscope whose objective lens is coaxial with the
incident electron beam. SC(M imaging is accomplished by replacing the microscope eyepiece

with a photonmltiplier assembly, while spectral analysis is performed by directing the light
onto a grating spectrometer with a resolution of 1 nm. All S(U1Ml and SI.lR1 images presented

here were taken with a 30- or 35-keV electron beam at normal incidence. Carrier concentra-
tion determinations were made b.v spot-mole spectral full-width -at-half-mximum measure-

ments at 30 kV using the data of (usano. 1 2 l)iffusion lengths were determined by measuring

the 'I intensitv at 930 nm as a function of accelerating potential from 15 to 50 kV and curve

fitting these data to a ('I. spectral theory recently developed by Vaughan. 1 3

.igure 111-7 compares SC'M and SEll micrographs of the same sample area and demon-

strates the capability of SC'M to reveal defects not visible by surface microscopy of polished

material. We have found that Glis can show three different types of ('I. contrast. I'liese are

illustrated in the SUM micrograph of Fig. 111-7, where boundary A exhibits dark-line contrast,

boundary Bi is slightly brighter than the sotrrounding matrix, and the two boundaries desig-
nated C show essentially no contrast, except for irregularly spaced dark spots that may be

!04699 9 Oil

r -

,~A4

SCM L SEM

lig. 111-7. ."(NI and SE Nil nicrographs of th same polycrystalline
(;aAs sanple. The (ilRs designated by A, I, and ( exhibit three
types of CI, contrast.
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p)t'e k itateS. - ot thle br1ight regionls riinitlg alng bOthi sides of boulidar .v A. M~ost, but tint

111, (If ti' b)otIttiaries, appe~atiitg as dark linies showed this feature. Hi strong dlark botindarY

to thle t~jippt left Of C doeS 11ot ap~pear ill thle SE l\1 image. [be network st ructu re at the upper

[cift (if tilt, StM mt it togtapti is pi'oiablY a ttislotatiot network, perhaps associated w ithi a subi-

g aimIitda iv.

Steveral additional f&'attr rS haVe beenI obSerVed by S('NM of polyVCrystalitue Ga.As. Vi rst,

Gb s with simniljar suirface muorphtologies can have quite differeut CL. properties. 'iris is i[lts -

r~ated ill I'ig. Ilt-S, Where boulndaryv A shows tlark-line (A. contrast while bouudar), 13 shows

little or rIO tout rast, althouigh their SEA)\ images are simoilar. Secondt, anionralous bright areas

alppcar ill 11uan1Y St M imlages, Suich as those labeled U it Fig. 111-9. Ili this figure tile ' a re

associ atedi w ith bounida ries that show ito (I. conitrast. fin adtditioni, it has beeui Observed that the

(A pl-ope rties of a botundarv cant chanlge stibstaitiallY along its len~gth. i'li followinig restilts
it die ate that thesest featti jes are assoc iateti with variationis iii iu ilI'Plit.V Voncriatioul.

Il FiL. it thet pronittfeut curved boUitda iV displays tiark-lite tonitrast, althouigh tire CL

troiut the adIjaceuit bright region is of stich intettsit that tile tlark Bie is barI'ev visible. C arrier

ttneut ration anI diffusion length w ere llteasti red at point A inl the adjacent bright region anti

It p)oilt 11, loca ted )0 1ritl fUr'thtr into thet grain. At A the tarrier conceintration is

1101 8t~Iti ati the difrusion letgth, is 1.2 pit), tt hilt' at , the respirtit e valles aIre,

< t101" i alti 0.1t 4111. I'lte (1, ittetist' \S :1,. tbIcratifng potetitial data uiseti to calculate

thes-.-e tdiffuisiont lengths ate given inl Iig.11-10.

the0Se teIStIts su~ggest that tlop)ant iitpir'itit's arc dt-pleted fi'out tile bright regiorts borier-

inig tilt Uil atiti that these imlpuirities arc rotttett1tcatei A thet G1B itself. C airier cort1ceittrationl

antid diffusion leitgtii ntecastiienCtents 11ttdC :It Othlt'e hright featilres. stuch as thosek ttettoted byC

itt Fig. :11-Ct at tolltistenlt with tii ilittelilu'ttatiott. 11wt'' I as iton ittesutraitie variation ill

calriii i. lItce IItr'ati oil antI IIi VIftIs iotIIt t'Itilt at-totI;ate I %ith II1o1-tottttIst tot Iitt;1aL's.

[ite CI, results ititicatte that both dteft strt'ttti' an1tI iltt[ill-it\ effects irlifluetite tile opto-

eIletottIC properWIties Of' GHs ill GaAs-. (iraitlOl torric.s that shun n 110i . t oityiast are belie\ it

to have little lmisfit betw en ati oit tfg grailts. ( oltsistt'tt w6th this idea, l'linhs showit these

tdefects to ht' !111: twill bioutndariies witht ito Obse'tvaht,. itislotatiort st'rttre. Figture Ill-Il is

a m'2tnicrolgraptl Of a to0-cont rast bottrtlalv., obtainled with thei hottirai paralltel to tile inici-

dent elet tirtl bearli. Hii t rvstah Ilotapii i'elationtshiips inuditateti iii thet figut'e ate c-haratter-

isti t of a twiit irotiltua rY.

i'igitt i~tlttalies art ic jtohatit twini itOtidrtiies wiiert the intpttt'itY toncetratioit in tih'

adtiateltt 1- igiors has teert redhuted bv segregation tO thte broundtaries. File B [is ehittitiltg lark-

[it totIit"ist are prnhotit itigit-mtisfit bhuttttaries. Althlouigh noitiadiativ recominirlation cart

he eU[tcttt'i toi ot'ttt- it tlte ittisfit defetifs, this effect is ittsnffit'itft to aeC(CurMlt fotr the olI)SCY-Vet

ttarkei'tt , SiitttC thet widtth of thte t&,irk lines (tYpically Z to 3 pitt) is muthi greater thtan tire with

of thte GH's thtetttsel es. Hoth) art iltrease, inl inpriitvI rooueltratiou anit tile fornratiorn of irtr-

ptritv precipitates- prottabir toiitiirte signlificanltly to tire reductionl ili l 14riteity along thtese

1tottttlatit's. tI'ese rtnteipl'etati oils arte stlntnlaiizet ilt ['able [il-I.

ke li lit' y thltat a C iose c'r'eltiin will he fountd betweeni tue (A. pr'operiti es of B 1Ms il it GaAs

alitd tile effects Of tilt, W 1 Otitte pr'opterties of pilot voa c tdeviou-es. titti 5 it SCeitS hIil that

boundrie hs stto Inrg fito (A onitrast ar'e t'tetricallyv iriacti Vi antI will not thave a signrificanlt effect

oft deviice ttrar'atteristic 5. Botndrta'ies that appear thark tla\ associated tiottiadiative t'ecoit-

itiratittl cterits thlat callt 'eXpe('ttet to redCuce Sttoit-t'irirlit cui iteilt anit irncrease 5t't'tt'



SCM SEM
IOOA

ti . LI -8. S('M and SlI'\ micrographs of the same (;aAs sample.
Houndaries A and I show different (1L contrast but similar sur-
face morpholo ies.

04 7 0 _O

SCM SEM

2 0
0/m

II- S('NI and S. Composite n0icr opraphs of the same GaAs

sample. The (1, contrast results from local variations in impurity
concntration. ('arrier concentration and diffusion length measure-
ronts %terc made at A and IH.

io



L-1.2sm 0  -I

Pig. 111-10. ('1- intensity vs acc,.-eratirg L-06IL
potential measured at location A (near 0 -O6~
b ou.ndary) and B (crystal) in 'ig. 111-9. F - -

Kach curve is normalized to che inten-
sity at 30 k%'. 1 d/0uoL

0 5r o NEAR BOUNDARY
CRYSTAL

-CALCULATED

0 L ±
15 20 25 s0 35 40 45 5,0

kV

1-110* 02 2 >

Fig. II -t tI. Transmission electr on nmicrograph of a no-conti ast GH in Ga As.
The cr rsta Ilographic orientations identify this as a twin bou nda ry.



TABLE I11-1

CATI-ODOLUMINESCENCE CONTRAST OF GRAIN BOUNDARIES IN GaAs

Boundary Proposed Contrast Mechanism

SCM Image Boundary Structure Impurity Effects

No Contrast Twin No
Absence of localized

defects

Bright Twin Yes

Dark High density of?
localized misfit
defects

Dark With High density of Yes
Bright localized misfit
Border defects

reSi StanlCe. S11111 bouindarcies that c ross. a device Junction can cause a reduction in opell-circoit

volltage and fill factor. Ini addition, iipti cities concentrated along Glis could diffuse into "pi-

ta::ja lave rs gononl heavily doped siihstrates, affectinig dlevice pe rforruance h". altering hand -

gap states at the graill boun rdary or by c hall ginl. thle doping of fihe (levi ce struicturve. Tllhese

e ffects ale cons istenti with the lrra open -ci rcu it voltages cominioly obrserved for rolvc rvsta Ili i n

GaAs solar cells. J 1 aen

11. 11. Gale
. . C. Ianl

C. TIIANSII-:NTI OFNEI. C l blNC-MI~NE SILICON IUSING
A\ CRIIAliri.: STRIPII lC ATIKR

Inl tis repOrt We describe thle utilization nf a simiple graphite strip heater fnr tranisiernt

lalilrg nf ionI-iniplarltatinn damiage inl Si. Gnnd electrical activatin of As -imiplarlted Si h as

been a( rhicveis by amnnealinrg fr., nnilv 10 s, with results conmparable tn those obtairned 1wv convern-

tionlI fur ace, annelaling at 1000'(' fnor 30 nimI.

A va riet v nf transierrt arlrealillg technrriques have heel] used p reviOUSlv to irdUCC Snlid -phase

rcc rstalli zatioll nf ion -implurrttd Si layc rs. Annealing byv these techniques. fnor pe rinds nf

olliv a few 1 i Iisecnus to a fe w secnnds, is essentiallY equivalent to conventional furnace an -

nl~inlg. (him'- objccti ye has been to develop ain extremiely simiple miethnd for t rarnsient annealing

thrat canr process large-area saniples without using a vacuumi setup.

sing Ic-crvsta I 10-12 c-r11 p-type (100> Si wafers were imiplanted at ron telirpe rature (RI ')

or lrquidI-rnitrogeli (1.% N) to :11perato cc ill a 0011 hanrleling directior with 120 -ke V As ins to
I4-y 1' t6( -2Z

loses of - x to , 2< 10,1, or t < 10 )m1 Amiorphous imiplanted layvers were produced

ill all r a ses. 1110 a afcrs were cut int 11 1- -, I -cal saflnples that were arnnealed using tile g raph~-

ite- str11 licate r shown sc Ilenlaticrallv ihr Vig. 111 -12 (a). Ilie graphite strip with dimlerusions of

01.1 -, .1I 7 cr11l was firmily clanr ped to mietal electrodes, arrd] a cinromel -a lurmel tlrer'niocouple

mirie Idel inl tile cenlter of tire st rip was ursedi to mionitor tlre teniperature. I'hle Si samiple was
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GRAPHITE
STRIP -HEATER

SAMPLE (Face Down)

4 THERMOCOUPLE

Fig. 111-12. (a) Schematic diagram showing
the experimental setup used for transient (a)

annealing of As-implanted Si. (b) Time-
temperature profiles of two representative 1400-

annealing runs. z 1200
1000
o0o

600

400

i- 200

0 1 5 1 5 20

TIME s)

(b

placed at the center of the strip with the implanted side facing down. Annealing was performed

in a flowing forming gas (Ar/Il 2 ) ambient. l'he graphite strip was rapidly heated by passing an

AC. current of up to 350 A, and a microprocessor controller with digital input was used to con-

trol the current and hence the time-temperature profile. Figure 111-12(b) shows two represen-

tative profiles, each with a rise time of -5 s, a period of -10 s at a maximum temperature,

and a cooling rate of 100 to 200'('/s. Maximum temperatures ranging from 700 to 1200°(" were

used. l'o provide a comparison with the results of conventional furnace annealing, several

implanted samples were annealed ill a tube furnace at i000 u for 30 min.

(rystallization of the implanted layers was accomplished by strip-heater annealing at

maximum temperatures as low as 700o('. Backscattering experiments with 2-MeV 4lie ions

were performed both at random incidence and with the samples aligned for (,0ON channeling.
Figure IN-11 shows random and aligned spectra for as-implanted, strip-heater-annealed, and

furnace-annealed sa lipies implanted at IN 2 temperature with an As (lose of 2 x 101 5 cm - 2

ile data for i.ackscattering from Si atoms (energies less than 1.2 Ile\ I indicate that recrystal-

lization of the amorphous layers was complete in both annealed samples, resulting in a mini-

mum channeling yield of 3.8 percent. The channeling yield from As atoms (energies above

1.4 McV) is also very low for these samples, indicating that over 98 percent of these atoms

were present in substitutional sites. For the as-implanted sample, the peak concentration of

As atoms determined from the backscattening data is 2 x 1020 m . as predicted from I,SS

range statistics.14 I'he data for the strip-heater-annealed sample do not reveal any change in

the distribution of As atonis, but pronounced redistribution occurred for the furnace-annealed

sample. The marked difference, which has been confirmed by SI IS measurements, is ex-

pected because diffusion lengths of 18 and 950 A are estimated for the strip-heater-annealed

and furnace-annealed samples, respectively.
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C'hanneling me'asuremrents on samples implanted with a dose of 1 x 10" cm2 showed that

onk vAbout 8-1 percent of the As atomis occupiedi Substantial sites after strip-healer anneal ing

at 1000' (' for t0 s. ile percentage of substitutional atomns was reduced because the peak con-
21 -3

lcr'atior for this dlose, -t x 10 cm II exc eeds thle equilibrium solubility of As in Si at

110O01C, -'3 to (. IIr (lef.I). Ili a furnrace-anrrealed sample, over 94 percent of the im-

Irlant-I atoins we re found to be substitutional. irle inc rease in substitutional percentage com-

prcdi' to Sttl-iet '-rrellsamples carri be attributed to tire diffusion that took place during

tutl irr t, iriro, ali ug, wk Inc I ednired tile fraction of As atomls tirat were present at conc ent ration s

-,- 'cire tire- solubilitv.

IlI'tilts oif siret -r'r'sistarlu' nrea',SLIr'vertS on all thle arrnealed samples are shown inl

I r.[I - 1 .1. 1 or's 'p-et ' anae samnples imrplarrted with 5 x 10 14or- 2 x 10 cm CM-2,%.ith

I- .. 1! COW liti I- 1' ten lie r'tr re the setresisitarne tiereases gradually tor values approxi -

* n ' r'~ . I:1 T-tar''irrilit'(- samlples. [-'or' a dlose oif t x t0 cu the sheet resistance

* I 't'' -11 li-re At' c- iricle,Ic sarrples are Initier thran tirose for' furnace-annlealed samples,

t" t.' li i cr'irta. of srrbstitkrriorral As in tire formier. Strip-heater annealing at

1"(1 1 V ~c i~, Itsrr a It, 'ease r i sheet resistance, wich c-an be explained by anl increase

11 ri t11 .1 , I, (iretav'e duec to As di'ffosi or. Ilre low est shreet resistance achieved is

' rc I ha%,.r.c 'rr r tc iolt'rr'rrrI- tilte efrec1tiVrre.Ss Of strip-heater annealing.

102 Ii rtl tirt' SIeet caririer coirceritr'ationrs arid average niobili -

* vtrtr-ti':ntr'-r~rr'rle( surpls wre gr'rrr'allv close to those for furna10ce-

ri' . or- cof I 10 W r Il , tie tr'-retr-irrae samples have

I ~ if rt~rr Ir'rrrj -i'-rru';l SrrlleS. r'orsisterrt withr tire resuilts of Fig. 111-14.

- ".",' ,' t,' fn~zl Irr'\ - lIrrater'i.tics of aI t%*pir'al uripassivated nmesa diodle

If-- 'itI - 'rr.iJ r:1q Irrt~~e li. -irmpb. hal breerr iirplarrtrr at HI' with

ifr.! -'nI Ar '(H0 ( 'or' 10s. 'in' lindte is 1)t, Jimr Ii diameter arid has a

ri 'I. 111t l tr. I rec forward cf, ira'arteristics ar'e, typical of near'-

I I '. r'~i '1r' or''is ort rrtlrgrritrrIn' t1re ,'rar'arter'istic.s ('air be f'ittedl to

-. 11~~~~ ;' 1.1 ith rr - 1.1., iidrc atr\'e of' c'rr'errt flow domnrraterd by

- \r .' it I th' ri , ci~l r'(rr:Ir ti r' carr Ire fitter! to tin' saIre expr'eSSior Withr

* t' r r t r t'.j t rtlrfrrri''rt go'rratrorr in tire space hr'aige r'egionr, birt it

I' 1r :1' I' Ii;i. ;ir t In1' lob't-S aret'k 11irr ssiv'ated. lievornd 10- A thle
0, ii 1 .1 Iie- hr1.' ti '\r veSs rindtir r'isistarrce. 'lre r'evei'se r'urirt

I- ' rf r I it t' it Prt , ;Iir I tire ir.'akriowr \'oltagi' i'xi't'd-; 150 'V.

:1, i 1-! ritso I siroa tirat tr:rrsici'rt arrrrnalirrg witir a siimple' gr'aphite strip

It. ' , ' 'rII r 0. "'1 oitaxini in', r'\st;illiztitior of '\s-inplarter amriphous Si lavers.

t)".I: Ititt trrrp.'r'atlr' a is set at 10 s fii tin' lir'errt experimenrts. evein

I ''c111 .- it. ( orrrpi'tn' a, ti', atiorr of tire imrplanrted~ As, with neg~ligible

),.I r". r1t 1, lit- ,I for' ir. .'rrtr'atrorns hllow tire eqriilibrirrnr soltibilitY limit.

in', 11 r- r I i .t, it,. t ir ;i rl Inbc s, alrie ipl for pri'n'issirg full-size wafers. 'lIe low

thi -I. .;r. r rti -tIolr 'irlpr' to lser' Or' ,'-ianr anrnealirrg eqruipmnit makes tire

,I ~ ~ ~ t 1'1! ir r:,lilt i'I' ir, ai. ttrat Ir',, for' sr'rrin r 'rli'totr' ( cs l

Ii-)'. Isarir .1. C'. C'. Fair
.1. 11. IonirnellY 1A1. WV. Geis
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l.SlIIKtIlY 0Stlul Si 1l 11NS ()N Sit) Ilil.l'AllIJ) M' I SING A SI'AIIUNAI0Y
(;HA'ltl IT-: I lII ORi I AlFI-:HAI. fIKIf':XX MA SI.F A S01,11111 1~~tt-( A11V\

Cii losite Sturcties iirr'i-stiig, of ,;iigl--i rshil Si filIts onl insulators arc of great it)-

tcrest for- de\ rI(e applil.atiors. III rekcent exprer-inilits %%c~ pre-pared continuous singic-crystal

Si filmts onl SiC), and Si N \ ixl tire tk'CIiIiUC Of la1teral i'pitaxV by, seeded SOlidifiCation

Il i-:,Sl. 111,. experillieuts iiplovel two gr'aphite~ liaters, onec of' whichl was mo% ed

liuring I - 1-5 pr'ocessinig. In this report we dcs sribe tlin piepa ration of Single -r rstal Si films

0,Si( ~2 h.N a ii'x\N %Orsion of the 11-SS teciiriqui' xxi USS u2c aSingle statiOnarY graphite liteateri

for, transient treating. I iesi' films are'. '.onpar-able InI i-i'stal quality to tihose ibtaiiied byv the

twO,- iiiat ci prioicedur e.

III th'. I .I SS tecl unique, a sinrglo-cr ryta 1 Si subhst rate is oxer ci ated with anr insulating layer,

narrow stripes are opened to expose the sutitrate, air] a thin fi liii of amorphous or- polycr rys -

talline S4 is deposited over' thre entire surface. )'he Si film is mielted and frozen in such a

manner that solidjific'ationI initiallv occurs within cacti stripe opening, where. it is seeded hv thle

.,I sutitate, and then proceeds laterallY over the, adjacent insulating layer.
Ir IT1

III mii r initial It:sexpe ci nilt 'is, ' the s arcph' was placred fare uip on ,I stationary graphite

strili-ieater that was heated to about 1 300'U. A movable graphite strip-heater, which was

positioned aboLut 2 mm above tile sample, w as raised to a temperature sufficient to melt a niar-

row% zone of thle Si film. lateral epitax v was acconmplished by moving the uipper heater at about

0.95 cm !s, Causing the Molten Zone to mov e at thre same r'ate. H owever, sonie observations

mad~e during these experiments indicated that lateral epitaxY could be achieved by transient

heating even Without Moving tile uipper' heater'.

In the present investigation, <t00) Si wafers 9 cot in diameter were masked with an SiO,

filmi 0.2 pm thick formedt by thermal oxidation. Str'ipes 3.5 ptm wide and spaced 50 pot apart

were opened in the Si0 2 film by standard phiotolithographic techniques. Ar amorphous Si film

0.6 to 0.7 p~m thick was deposited in a chemical vapor deposition ((VI)) reactor anid capped with

a ( VI) Sit) 2 layer about 2 ptni thick, lTre resulting structure is shown schematically at the

lower left of Fig. 111-16. lirially, rectangular samples with dimensions about 1 x 2 ciii were

cut fr'om each wafer.

, rhe uppel~.'r part of Fig. 111-1I6 shows the heater cornfi gu ratioriuse(] for LE ISS proc'ss irg, xv hi cl

was performed in a flowing Ar ambient. Tire sample was placed on a graphite sheet with the

Si fil I ro acirng down. Fhe gr'aphrite sheet was placed onl a wovenr graphite cloth that was clamped

between two electro l"es. ilhe low thermal miass of the graphite cloth allows rapid hecating arnd

cooling, and uise of tire graphite sheet gr'eatly reduces thre temlper-ature var'iationi ac ross the

samiple. A tx'pii-al tinre-temperatrire pr'ofile used for LElSS proiessirg is shown at the lowver

n'ight of Fig. 111-16. Stepped hreatinrg arnd coolinrg were used to prevcrt thre formatior, of slip

lplanies. Witir thle ti ore-temperature pr'ofiles us,1ed, art .y mieltinrg of tire Si substr'ate w rsec-

stric ted to a thin surface layer.

It ateas of tire samples whirere sti les htad bteern nlrerie in the Si (), layer, 1 .1-:S prie(ssingQ

yielIded con, rirriris single-cr-ystal Si filmts. InI alteas far' from the ilpertirigs, the filmIs wi' ev

I01 vi r'x'sta Ili ne, consisti rig of random lv or'iented grairis sc'.crai Ihuindtred mi .cromete rs across.

['lie icha racterization results indic(ate that solidification of the sirug' - c r'stal fi lms genri'allv

took place in the same mariner as in thre two-Ireate c I.K SS explecimerits wvhern the upperc strip-

freater was nio('( parallel to the long axis Of tire str'ipe -openingIs. III those exN iW merit1s,

seeded gi'owtir began w ithinl each opening and r-oriitinuiI laterally ove(-r the inisulating layer- oil
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lip. I-In. Sulhematic diapram sitttting~ the confipnratiot usedl for tMe one-hleater
LEISS telhinhPtC. A1 crost5 -secl ional diagramLi of a tVIli al sample before LElSS pro-
ressjttp is shown itt expantded rit., lll tiit lowver left. Oil thle lower riphIl is at time-
terilteratn re profi Iti sed for ltriwssirii_.

btoth sitles of tin. opiing utiil the p rowIth fronts met thle fronts o rigintatinig from thle two adjacent

openings.

Via-e Si films ohtaitte "vwee quite smTooth, except for some surface feattires formed at the

nil rsctinsof the groWl fronts from adjacent openings. Such feLatu res areO shownf ill

f~ig. Hi tt wii h is anl optical mic'rograph of anl as -solidified film taken after teittoval of

the Sit) cap YIe Htia r fratuires were found by 11KM to be formed by dislocations, probably

caused by a s liilt Liii50 rctiatioti of the adjacent froints, t'he circular features ar(e dislocation

cIlusters. In sonic alteas, even tdelineation etching did not reveal juterSeCtiottS Itetweet aIdja('ett

front.,. Ill the2se arc as, solidi fi cation of thle filnt bctw eont adjacent opening, pri-baile took place

hy the ittot of a sit pe front that originatedl withlin one openting and ino\ ed to thle othtetr openitng.

O)pti cal icrtoprapits of the Si fi lms takent after etch Ii dlineation show the p tesetie of a fee

oic rotw ins titt o rp itat w n Wtt ite strip openings andf propagate along (110 O(Ii rectitw o\ c

thle Sit), lver, in so-;Itt Lcases exteINi ti to tit inersection btetweeni zla-. gcttprowti frts.

Hlsc twitns, whlich art. shiownt be IlK \l obsereatiotts to be bordered be I1 1 1 plantes, arc less

thtant W. R utWe anti spate a fewv Itnidred micrometers apart alottp the stripe opettittos.

As~ sto% tl int lip. Ill-I ?tat, thte theptossions inth o'-Si fil, sti rface-, Ittated over the 'trttt

.tetmitts wC'tt tetainedt Wltrit ttiIitt atnd solidfitin.bm This is alsk" t.tsrn hv

liv. 111-10Mit, a"t AVI~ tue tuap of a cleaived cross )c-ji f tin' s~llrple f FIvt. 111-17 ta

that hiadt It,'e etched with ilI.' it) order to delitteate the Sit)1 mtask. It is apiml-cttt that thetts

t--taitteI its itntegrity lturintg ILESS pttttssittg. Aboutt half the 2 -gLnu-tlck Sit, , 1 )tl.O l

:lft.7 thle Ill- utt It. ['lie Si fitlm is abtotut 0.( lgttt thtick. Other SIK \l iIt cnpl.I-phs sho\e that tit-

si-h . of tio Si film oktite tite s'tripe. opeittps is stttootli uxt-elt A tio' 1itt'tt- tsll, I,

tite p 'oltit ft-outs, wvhere tltere ate -ipes a few huindredl angstr-omts high.

I'l, quality of tlit Si filmns wIas cottfittirlie tttastit'enntts of tic' bitt tttfot01 I al I- A!, I

i ~ t t'tizt's :I it,-Liot o' ti- rilir pt'odtited bty growtit oripiltlntttt \Itit.0 it~ 20-~lt



openings. l'QUIeC ill- Is shows thlt ruLSUltS Of sh4Lt1 ', llI LehsUrelnU'llt Made onl tilt filml of

Fig. III-17 inl ai area where, intersec-tioii- IetweLlui thlt fronts wecobserved. File open and(

Lo1sed cirl-CIS ShOt tht' npcr btarmuId wkhenl tilt-hcanl was incident inl a rarndonm c-rstallo-

graphic' direction and inl thel (100>' chnneling diretionl, repcie Hie mininlurn c-han-

neiting~ yielhi at thle snIfauc 1e i)AOUt 6 C C1nt, 11ot mIICII higher than the value of -1 per-

cetnt obtained for bulk sige- ' tlSi (also shown1 inl Fig. Ili)andi ,oinparahie to values

nn'aSUIl for s Slpi'S prCpa red by thle two-licate r I ALSS tec iIliqLfu 1 .[h'le ch1anneling yield
il ussto zflolut 10 pultelIlt at tile Si -5k)) illt erface. file dlip ill the ranldoml Spe trul'U rNea r

0.75 ; Akc I- is uie to tilt, pruc cc OItLe Sit) in mask, whIic i has a lower Si concelltratioll thlan

VultIla Si.

Figur 111~il - I " also show s tile c ilalnelillg sfpectrhl for tile 0.6 -itni -thick Si film of a orn-

menciia I Si -01!-sappire iSOS) samlple. Wilhile \ Illf is oll about " pk Iceit, thle ilanllelillg Yieldi

iIlCreaS us' to Mv1r 510 Pe Icenlt at tile Si- Sappili le illte ifact2, nill i larger tilan tilat at tile Si -Sit) 2

ilhterfaCe inl tle( I ASS Samle. ibis indic~ates tiiat tile, I lYstal quality is muci better at tile

Si -Sic) illturfaIce tilall at t[ie Si -Sappilc illteri-acc(.

Ill aI nillnber o1 pl-cliilillar. .v eCjxerilmellts V cI till( --trip(, opellilgs were 250 kLm apart,

col~tillnollS SilIIle -cL'vstal Si films we e obtailled, shlowing thlat lateral growthl of at least 125 k~m

over Si) call tbe ac Ilieveti by the si ge-iaerI.:SS tecililiqile. Inl fac-t, single-crystal over-

growtil lans been observedi ill somle areas for distaliceS uIP to 250 [11
1 

beyond tile stripe openlings.

BYv optimhizinlg tiic prcess pararlete rs , ilelUdilIg tile te rlperatllre gradient ill the plane of tile

samle and tilt rates of iheatinlg arnd lOoninrl! it should1 b(2 fossi hie to sigllifi cailv extendh tile

distanceQ of sirngle -c cvstal grow thl. .1. C. ( . Fl
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IV. hi IC tRO t.L 1,C T ION IC S

A. CtIA RGI:-COUPIJ:l) )EVIC IS: IMAG ERS

Satellite surveillance at the GEODSS (Ground-Based Electro-Optical Deep Space

Surveillance) sits is currently confined to night viewing. Recently there has been interest in

the possibility of extending surveillance into the daylight hours. However, the high-sky back-

ground adds a large noise to the signal and precludes the highly s('nsitive detection possible at

night. Nevertheless, it appears that brighter, low-altitude satellites can be detected by cur-

rent CCD sensors, and, in fact, these satellites are often difficult to obs.rve at night because

of occultation by the earth. In this report we describe evaluation of a technique called "charge

skimming" which could be used to increase the sensitivity of a ('CD sensor for the high-

background imaging characteristic of daytime sky surveillance.

For a high-background, low-contrast imaging situation, the signal-to-noise, ratio (SNI) at

the output of a CCD will be N/ '(N- 4 N-) -N / \vN", where N and N B are the number of

photoelectrons per charge packet due to signal and sky background, respectively. '[his assumes

that photon noise dominates the noise sources in the CC1), an assumption that is rasily satisfied

in practice. Because the daytime sky background is so large, a typical CCD would saturate, on

telescopes of about 15-in, diameter. One could attenuate the optical signal with ne utral-density

filters, but this would reduce the SN B by the square root of the attenuation. Thus, the challengi

in using CC'Ds without sacrificing SNPH is to increase the exposure level at which tie devices sat-

urate. This could be accomplished by increasing the charge capacity of the CUD pixel.s, or by

decreasing the integration time (increasing the output data rate) while pe.rforming compensatory

integration off-chip.

lowever, a more, convenient technique for the low-contrast imaging situation discussed

above is to perform in the charge domain a function similar to AC coupling. In this method a

fixed quantity of charge r'esulting from the background is subtracted from the charge packet, and

the small remaining portion containing the signal information is retained. Kosonocky and Sauer l

have demonstrated this technique in a closed-loop ('CD structure where it was used to remove

dark current from the, signal. We have studied this technique experimentally using the final

stage in th output register of a two-phase (CD imager. Figure i(-i describes the final trans-

fe-r stage and illustrates the dynamics of charge flow involved in the skimminz process. A

charge packet under the 601 storage well (the rightmost of the two d1 gates) is transferred on the

falling edge of the 61 clock to the 6 2 storage well. In normal operations the output gate a ould

b, biased to a DC potential lower than suggested by Fig. IV-t, so that all of the charge received

by 0 2 would be retained until a half clock period later. When the 6 2 potential drops, the entire

charge packet would hi transferred to the output diode.

In Fig. IV-t, howver', the output gate is shown biased to a level that permits a portion of

the charge, Q SIK" to Ire skimm',d off and tran;ferred to the output diode. The residual charge

( is lIft in the 602 storage wi-ll and is subsiquently transferred to the output diode on the fall-

ing edge of tht r) clock. In this ixpirimint, Qit represents a portion of the sky-background

ginirat, d charge which wc wish to discard, while the skimmi d charge, (I' may contain a

signal and is savd.

IFUXWIiM pAGX BLA IIAL-L i riID
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This technique is useful when the very wide dynamic range signals of ('(Ds are, to bc

processed by amplifiers and A/D converters of limited dynamic range. In addition, this struc-

ture (with modifications) could be incorporated into an imager pixel or column of pixels whe.re

it could be used to suppress the charge buildup from the background.

The charge-skimming process described in Fig. IV-1 has been demonstrated in two exper'-

iments. In the first we illuminated the output register to generate charge packets of approxi-

mately 400,000 electrons and measured the skimmed and residual charge as a function of output

gate bias. These data, taken at a clock rate of 200 kliz, are plotted in Fig. 1V-2 and show that

the skimming commences at 5.60 V. Above 5.60 V, the slopes of the lines are proportional to

the capacitance C of the 0 2 storage well:

C = (1/j;) dQI1/dVoC = - (1/1) dQs./dVoG

where jp = 0.9 is a factor representing the modulation of the electron potential in the channlI by

the output gate 2 and VOG is the output gate bias. The values of C' range- from 27 ft' at 5.9 V to

18 f, at 9 V, reflecting the changing depth of the charge centroid in the buried channel.

In the -ccond experiment we simulated a low-contrast imaging situation bv adding three

small charge packets to the optically induced charge and measured their amplitude as a function

of skimming. The charge packets, which were. inserted electrically, are about 3,700 electrons,

so that SN{ = 5.9. The amplitude of the three signal packe.ts as a function of output gate bias is

plotted in Fig. RV-3, and, as expected, the signal is entirely skimmed off shortly after the onset

of skimming. The oscilloscope photographs of Fig. rv-4 show the C'I) output for th, skimmed

(upper trace in ach photograph) and Vi sidual chMrge (lowevr tract ) Is low and just above the

skimming thre.shold. ['igut, R'--(a), take n at a gate hias of 5.53 V, shows no signal in th,,.
skimme-d charge, while the residual charge consists of thi 3,700-electron signal riding on the

400,000-ch,ct ron background (signals a r ntgativc-going in thlse photosl. hlie photon noise of

5 0 ilctrons rms is evident in Ihc lower track-. A 5,.98 V J Fig. IV-4(b) . b)oth the signal and

tin photon noin hav, cen skimmed off, l,,aving behind a residual charge of 3t,0,000 elcetrons

(from I ig. I\ - i. lveit',. tIre risidual crIace also has a small noise componlnt xhich s

(xI) tCd to iN' varQl = ,kT(
'
, whi r C is th storagc-well capacitance previously mention d

and 'i is a factor close to unity. 2 The, m asurcd noise of 55 to 30 electrons agrees with thcorv

for y - I.4.

An important detail of these experiments is that the rise and fall times of the 0i1 and 0) clocks

were set to about 700 ns. Wiherr the rise and fall timues were reduced to their normal values of

30 ns, the data of Fig. 1R -3 showid a mor gradual skimming extending ov r about 0.75 V. This

suggests that th, fast (Cl) clock transicits arc causing modulation of the substrate arnd output

gat(- poti'ntials. and act thrfforc previnting thc output gate from cleanly "slicing" the charri

packit in two. This i ffect placi s a limit on the maxirium amount of skimming that can b dont,
% ithont att( nuating ignals that are. not nmuch larger than the photon noise. \iost imagi r appli-

cation. r,'quir, high vi ho data ratis which prie lud clock waveforms with slow ris arnd fall

tit, 5. Th r,for. thc, i.ffictivi niss of th skinming teehnique will depend on carful n,vi

i1,s sirn to minimiz,( clock couplingl to th skimming gate.

11. 1-:. Burke
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1t. ()ID BARRIERSIt TOut 135l'I) IATION OF REF lRACTORIY SIT,1llIDVS

Ithis t port Iediscuss atcit oform refractory silic idesusnanltrtigmal

lization tehnique. Results t-r \Si 2 ' Mosi 2. and TaSi 2 indicate a differen-t interdiffusion mnech-

anisni a ssociatr d with the format ion of WSi 2than with the formation of iMoci 2o rT ,i2i a

phasi impurities ( protbably oxvge n) are incorporated in the de posited refractory film. 'lhe se

re sit Its alc. applicable to thet tabr icat ion of silicon device structures which use refractory me(tals

onl S'it 2and silicon, such as ths peci 'able bast, transistor.

Although doped polvsilicon has been succe-ssfullyv utilized as a gate and interconnect me(tal-

I izat ion, the minimlum obtainahbb sheet re sistivitv of 20 Q1/0 for polysil icon is not adequate for-

miany applications. To address this problem 5. ye cal refractory metal silic ides 3have comv

tinde r study. The se mate rials offler the pote ntial for sheet re sistivitie s an order of magnitude

le-ss than doped polvsilicon while retaining the same capability for- lithographic processing.

telling. and thermnal seif-passivation as polysilicon. WSi 2 , Nlosi 2 ' and TaSi 2 have bee(n idi,n-

tifiedl' as materials of particular interest boecause of high tem-nperature stability. case of for-

mat ion, low% hulk ri s istivity, and r( lative resistance to weit I IF ,tcharits. 'lb. si films have

h-n formed in a controlled fashion by electron-beam co-evaporation 5of me(tal and silicon and

bY' co-sputte ring from targets of thet two metals. 6In this work, an alternating layer deposition

to clhniqui de~velop. d for- I tSi has been utilized for forming refractory s ilicides.

Sir bst rates apro pare-d by depositing 000 A of low-pre-ssure, ch. 'ni ical-vap~or-de-posited

11, P VID) Si 3 and 3000 A of phosphorus-doped I1CVI) polysilicon onto silicon wafers with

W000 A of lb. 'rnmI oxid. B Y l using a multi-h, 'arth elvc'tron-bi am u vaporator. four alternating

pairs of nomlinally, 2 00-A -thick films of tungsten and S25-A-thick films of silicon were deposited

to form conipos it. 's a hos, comlpos itionl was equivalent to stoichiom .'tric ISi 2.Similar four-

paiir de-positions (200 A' Alo/5,25 A Si and 200 ,'i 'a/460 A\ Si) wire performied for stoichiomietric

MoSi, anid 'I'asi, 'I'( films %%t ri, ri act. d and liomoge~nizi 'd in a high -purity 11 2 ambient at 9 50' C

for, 30 11ain.

I' our-poit prob. a.i.liriet showed sta,,t 'es.istivities ot 2,10 tlC or \% Sj,. '<1_2.2 S2/

for- Mti,. tiri 2., . Z: tor' 'l;Xi, -ra\% dit' *r'd'tiori arnd 'UgeCr anlysis confirmed that at mix-

inj. re, tion hid takiri place 'or both tilt '\lost) ,and lasi , films, but aI listinit iver structure

%Ate< r1t;iitie'l for t1e %% -Si COrI)OSrti' structure1 despite the. lowk stint resistivit\ for. these films.

Al thioughi i solat. (I c( gions of %kSi 2 app~roximate'ly tOO .ni in Siz Zn ai otis. cv. ', no u niform tung-

<ii n <ill' id, films a'iforniid until samlples wc. ann.'ab'd( at temp.'catures gr. atic than 1 000' C.

'I , study th'- %% -Si react ion further, silicon SUbst rat.' s acr,' prepared w,%ithI 20 Aof thermal

.'ii fil idb100 A of el l,-tcon-t' am-evaporated lungsteni and tF0 A. oif ,'lectiron-beam-

* vaiporat, (I s iticon d' posited w ithiout tireaking vacLum. Aug. r SpUtt.' ring analvsis of these sam -

p1. s I I i g. I1' -,) ;hows, thi'- distinct silicon substrate- lax' r, thet thin oxid'. and ft( deposited

-i icom and tuirg stry ' Iave rs. Since tungsten does, not rcadi lv form a native oxide, at low temper-

ati.-th. ixvg 'n p. -ak at the i-vaporated tunlgsten/.'vaporat.'d sitlicon mntu'rfaee is somewhat

<lirpri -ii. tvii'. this pe-ak mav ts' clated to outgaSSing Of the silicon sourfce prior to sill-

i,,n A-. pitiri as fti vakcuum int.egritx' d.'gradi s during this prce~ss to, approximiatelx'. 10- l'r

fromt ; hao". pros~tr. of 2, '.' 10- '10cr.

Aft. F. fti at .v. Aug. r anlalysis was ciinipl.'t d., thi' sutistratis v..'ri antelt( d in a high-

ptiroitf I, amnthi it fr' w0 lnlir. ajt l000 (* anrd a so-roond Auge-r analysis was p rfionned, ttcr,'ni-

sutt ..f Ah(il hi' -ai, ;ri iii I ig. 1X'-f . 'Ibhis anialysis, shoiws that no mixing tins taken plac.', and

47



BEFORE ANNEAL

100

Si W Si._

BooA
* E-beam

7 S S

0 2

0

SUBSTRATE0

SPUTTER TIME

1ig. IV-5. .\ugr analysis of an t 'ln W-Si conpOSite film

deposited on a Si substiatl witli a thin ti fn'l;/oxilil.

jAFTER ANNEAL IOO0C H2

100
SI W SI

BooA
E-beam

SI

20A

010

50

2

2" 5 300 A,0

SPUTTER TIME

"ig. -n. l t11. as ig. IV-5, except iI 30 Iin. ;tlln;tl in i aIt 1000

48



as sbomtt ill ip. R\'-7. %kiliti i., alt , titlat'gei'tit ,fi tilt ox\'g.'ti t'trvt' ,f I ip. I\ - . In vlit I,!

tit, 1. vI of .. xvg.'ut ill lit.- tutls. tt film appt at's it) lave dco-rcastd. Although l.tit iI it(:I K

tti( "i f tilt ,.xvgt,'n 1)twoi - li,' dtep..sito d tungst.'tt and silicon films cannot io pr, Ci- k I. tI

mtint d. it is' sulffici, lit to pr 1,v.' ii.-ilieid.' toritation at 1000"', about 3 30 C iigh. t !ta III, r.

actioni t.'tp.' oratur- fortlt' urtjihiiito d iotfttation fl W"'i

20

0- ATOMtC CONCENTRATION~
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AFTER ANNEAL
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Fig. IV-7. Comparison of ('xpltod ttxyg'll I lt.'s tf't.ttt Fips. I - ni- ti,,t
e~ltrton-beamin-depIosited Si and \V beforc, anid ;Ift, 1* 1i, 1tioi hct otvv'ti ptAk
hasl incri'sk'tl after atneal, indicating tht,' iffusion of ,xvg,-ttl ft-oth, 1i.- buk tf lb.,
film to lt.' %V-S-i interface.

A pos s il c xplartation for thec r.'su its of tlh,-,- Aug. I- ala lv. s is that tho tungst 'i filnt con-

tairts, som lcvI of oxvg.'n dth. to ite( gf-tt.ring of r( siduial toxvgi n int lt- vacuuim. it addition,

0itC ouLtgas.-sirtg of lth' silicot sourcv ntentioutd ahotv. ntav t nlitatte'tilt. It vt I of o,-9(,n at tlt-

t'vaporat-d %% -S4i irtti.rfac.-. %%Witi tit- composite laver is atnealed at htigih t.rtltli'alut(s in a ii.,
anhi tit. lt,' oxvgt'n diffLuss readily out ()f lit.' hulk ,,f tia' film t,, tit, int,' face, prtolaltiv fm'niirtg

Sill., an oxide' t..itichi is nt, te staitli titan WO (3. l,1t. r.sultirtg thltr SiC)2 film has sutfic ic'nt itt-

te.gritv to. pci' v'tt silicon diffittutn into tit, tUrtgSt.'Tt titer.'i pc.'vo'rting Wsi 2 iEocntatiort.

In cone! u siItu, lit.' clam i strv of vacuum -d.'pos ittd tungs;tn films allotws fotr tlt' form at i t

of an isol.1ating la.' r oIf oxide if a sil icon film is tiep..sited .v'cr tlt ttrngsten lave rt. This txidt'

lave r prcvettts th, formation o.f W%'i 2 at tentp.'raiures Lil to 1000' ('. 'This ntcltartisn, do,'s il,,t

occur for alt,' mating 1.o1-Mi or Ta-Si depositions. Tis urtiqueI prop.' ml,' of tungst' i utaki's it

inheirently useful for ituried -metal films in silicotn devie.'s.

It1.3. Silver-smith
It. D. Raitrtan
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I A I I It\IV tl-;1, l I{.-\Il()\ tIlN lilt I TIII-'(ANNING I-.lUTRtON I-:AM

I Il -,"il 110ll2 ]I ltrit Il aill litllolt~ipliv svst( it S ii. at I iroln Labora!tory liais Iii 1 -

Aal vail It It hijrlr-Ia -oltilion ii riting ta-sks, inlcluding~ taut-ictiori of utiffrt-iv optic-

atd1 t -om,-it,. I. Ilo- v, r, \k ha.- riot pit4 Vio)u.,lv fullyv di-vi-lopid antI cxploit-(I tll.

Ilhi,II% ila 1,lt Il r I- -I tat I'mi lcflialilitii5s of till ", 1111. Tis ri-port di-e . se #s tll appli-

caitionl (t tit. -1 I~ to ol- -. lUtiOli alipntim-nts, and descriiis tilt aligniwnt of I IN d vit V

pakti tn--ttit- itreoil i- tI- I- iituvi, iz >1/. Kxpei-iunttal results an-, pri-t-inti-t.

1 1-KlTi 1 Il- ill pat'itt t.- 2li Iatttioii utilized anl EI.-(I ETAES- 1) M)Elt. I i; i s a %ec -

tit* ii tti lift.t Itti I -tater fi Id <iz, lb- t( sairple is m n ti-d onl a si-ivo-controll, I1,-

t'ait~lit it I - 1 1 i. ic- i.- it-- l to st-p a patti-rn across the sampli and to stitch tor,. tll. r

patt. rl ttk- tillc x, J- . Itll- ! l iId -I,, of tit, ntacltin.. 'Ilie motion of til- Se rvo -aw, and till d, -

ft, -- teol of t1), 1,, trollt U- 'III ;,, ontiohh, (I ill rcal titti by a di-ldicat Id liinicoliutl r. TI It

OP, u 1%1 -1 tilt- 11ii - . 1 !0 1 Il i- --. i .IIH jd jith ;I 011dllt I Il t IOu iih t11 it t ut tinj 11 l Ict hi a~ It

Ibi pr i tt1 v it - tI, To .[I , \ it "' p- I h I- k:tt 1-V ili t - i)I l- I] iiat i t i.I 1 thl' it ii 'I ll

op i . it x - tilir I i, I-I V l ila- ,Ii I. all tpI- io zll.ii - ittiior ,ll i ii it tititt

ri-if- t.c ild roiii. [,it tItl -h t- i t.>- d t- tutu ili%ptiti. Il a- a txilt o1 t -,ll x oI tt of' U11 . li l~r-

, 111- Ui-i. ;111 1! ;l- t- 1 2 i- I jI-I Vi l i-l illt iti in t, na ils~l v , olue t io A ki-IIIitt t littifcato tt.I

Ho'%,il titi NI. l-li I211 !it i- I , a glart at. ph It-.ill 'I h\ -in Ut.: pl ipttt to-11 vootlitia . sItI.

hivtiii -,t wcITw i tll l~ t.tt \i ill 1it T l id l nign iucattos lhc iit l.-os11 it, u'l-

tof ioi i- a. lt , t t-ill-61trtlion utr, hi. ltiti-for itti tI;rki qu lI .til,

i-'i- ilg 1,-i i 1-- t* A I - li ' In;(\ -1 1i, a 1 i -~%IIl, itt I 0 Is ir i lit - au- ti ri zir li I t ti rld

i i , i: ti -ligim-, -xit war I - ti It, 1 i-i- -i-i-. ti ?INI Il it.l 11 - I I " i - ti i 01:1. - -t,. l- til l tI.. i--a ti

xI. -jun. 111 o t paro- a 11 Al 11i t-.hat iitcana .- stitt-lttt..\toialncogpl

I l,": 1. ,v ij Ih\ i'i g i ll lt . - ) li n ll lt ro T ll i it a
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Fig. 1%\-8. D~iagram of' the lay' ott of thle - -0-

fields onl a GaAs substrate. Fields 1,
2 and ;0 contain a ligient pate, s
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Thle firist lithogiraphic step in, the fabrci tion of the FET invoi :es using the SE lii to pattern

thle SOn i-ce and dra'in 11h0o11i C Z, reas 'and thle alignment ma rks. These are the b right a reas inl

Fi g. I v -,. Trhe Ani-Ce metalli zati on of thle ohmic layer provides hi gh-contriast ali gnmnlet ma rks

for u so in thle later steps. Thle ali gnment procedure hegi ns wvhen the soample0is loaded into thle

SI:BI. and the uppe r le ft corner of thle sample is i ma god and located. The distance beotween the

sa mphe corner and the first pattern field was acmcateh' estahli shed w hen the first patterin layver

wkas kkri tten in thle S CIl.Thus, finding the corner provides a convenient method for ac hiecvinig

thle initial coarse alignment. In thle ne-xt step, anl all ginment cross in field I is located. The

compluter c enerates a scan and a enursor, and thle operator centers thle cursor on the alignment

cross bi oig the scan field and thle stage. The coordinates ace then locked into the computer.

These coordi nates are used to determine thle x-offset and y-offset of the sample. The accuracy

(if this measti cement depends upon the elect ronl -heart -probe size, the qu ality oif the alignment

mark, and the signal-to-noise ratio of the image. Ani accuracy of ±0.3 jim is not difficult to ohl-

ta iln. A second all gnient ma rk, also located inl field 1 , is used to deteriiino thle rotation. A

thirId alig!lnment marik, located iil field 50, is used to refine the comoputati on of the rotation. The

a Ii ilnment rilariks in field 2 are used as spa res iii case sonic (if the other marcks are damaged

In i'm g, the imaginig. Field 2 also pr ovid es a readily apparent asym inietrv to the samle w hich

s)implifies orIienltationi for loading.

'T'he alligonment p rocedur dcIescrihe(] above has bieei used to demon striate- ± 1-4m alligniient

acrloss a I- xO 1-iiim samiple. This is sufficient overlay accuracy for 0m0st oif the piattern laveris

for tile F FT. Thle allignmenot oif the 0.5eugates to the 2.0-vi n son cc-d raini opening will re-

quire miaintaiin g a reg~ist -atioli arco racY of ±0.3 cmn. Tlis will require all gui ig at each 1 m

f ield. Figure IV -9 illustrates a gate alignment. The bright areas are thle Au-CGe from the first

Iiattcri'i layr. Thek gate pad, which is writte-n in resist, appears as the light-gray structure in
the niicrographi. Notice the e-xposed resist over the alignient niark in loixi r right corner. ih

se #cond mark which was used to align to this field is not visible in the microgiraph. lIi Fig. RV -10

tln uppi r 1)-ft arca of tile di-viri is illustrated at higher magnification. '1'lhi 0.5 -lim gpat) cain bi

s n to 1Ne al igncI to the source and drain regions.

Thi aligoni nt procedures; d( scrifwd in this re-port offi r some. (xcitinf2 1)0s i hiti( , for

i-CVie( cresearchl at I .ncoln I aboriatorcv. C urrent efforits towarid the fabric ation oif a

subm (cr001 ti i--gut I' ET ci nt i r arounid developing procs sing and lithograph.". Vi erk i- lol

unili r ixav to imnp cvi ao1l( fullx Mutouiiat( th( a ligonm nt Ipioci-dtri

, 1. LVszecz

U. Smithl



SUBMICRON GATE ALIGNMENT
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A. ANALO)G Nt)OS MEM ORY- SPEEDI AND ENII ANF C AP'ABI LITlIES
AND t't0l1Ri:LATOR i'V IIIORIMAN(' K

III p revious5 reports, Itheory anid experiments re lated to the nonvolatile storage of anialog!

signal levels in NilNOS capac'itors xx ere piresented. A recent report described initial evalurati on

of thre storagle of samnp led ana log wvaveftorms in MNNOS/(V(1 structurres. fin the present contriibu -

tion, recenit tests CxliL h the capabi li ties of the cxi stinrg MNt )S/CC(DI device are pr'esented,

w ith emphasis onl inpurt/ourtput s peed, sto red wvavefornm retention, and endu rance to e rase 1
w ite

cyelingu. [in addition, the ahilitY of the same device tor perfornm binary/analog menrory correla-

til (iis desc rib~ed.

With some clianges made to lower the inpurt cap~acitance of the off-chip output buffering cir--

cuit, thle 3Z-sarnpie nemoty operates %%ell at 500-kiiz ilrtiLt arivi otpu)t sample rates. Fignire V-1

sirowx's ant entire ontm 1)11 vele (10 ris/div) anid a soupCerimiposecd expanded vi ew rif severcal sam les

It ls/divi . Althirii the serial transfer inefficiency of tire CUD) itself is ill the low v r~ang e

at this speed, etra re transfer through tire long well s at tire inoput circuit begins to coiit citurte to

samlplirig errors. InI addiition, tire slew -ate uif tire outitrt ci rciiit is being approac led.

F i "'. V - I . Reuaduit of stirred
arraloig wav-eforu at ,00 kIli.
Ippei' trace: entirie train of
32ioutpi samples, 10 isdv

lower trace- expanded view%
of severcal onutpu1t samrple PC -
ciouis, 1 4s5 /div..

lirhe rOlaito.lili iietxxeeri tile rrIricIAWei (i1 eraSe/% rite (i1/W) cyrles a dev-ice has undergone

iriiit.-;arg reterion is Imder InIesti rrtnir. I eI c es W ich havec midereirne nmore than

101., YI 1viS al- roe~il f storing aral(Ig jigi,~ Is f or a week wvithr less thanl 
5

-pececnt at-

lri rmn lthough'j tire' :xrri-lattecrt rloisc has iii cirised relativ-e to tire iiicyiled value. D~e-

vies.- WI. hav cil ev* ( ed iiurme thal If0 tires iit, jieririrri firrthier irivrestigatior, tile (nirservati xe

Ii tiimr si-eris ad'isairle. For nrarv aplicatrrons, a!, eridira care if oniy 103 cycles is ampleri.

likstiatimm of frxei-lratterri norise' reveals tiiat it is catiseri I)., tluceslirld-vrrltage v-ariations

it-h iile thir ( 1i N Sr rilectr if ir e rrernrrv gates and tire thick (7010 A SiO)) dielectiic

iid fI trurrisfer gates. ho iormierr variation is somnewihat greater than the lattcr (factuors of ' r

uIrri Is i rmrilreri iv tiie tirreIII(1It ri rorr-,ss. The va riatiours II minenmory threshrrdd arc t rr lY

Iil \ei(!-paitii Irll ray ni, iiiti irs that irireateui writingt ruderOT tire SanIP Colrinitioris- rro

ru- ii, ueri v~ri~iiors. ibi i.s see li rorrrarirrg! lips. \-2(a) arid ihi. lirprie \ -2(c) is

th.i tilp'l itidIriri tire, san nci i1, istatwecs, hlt with tire mrrnirhrv g"ate lev~el raiserd and



OUTPUT AFTER DC WRITE

SAMPLE NUMBER

I.)

OUTPUT AFTER DC WRITE

SAMPLE NUMBER

(b)

OUTPUT OVER FIXED THRESHOLD

SAMPLE NUMBIR

(CI

lI. *j lxed hpatt0e)) Iooise from tile alllog memory, a) Otput
ill normal oportatill -,rtcez writing a liform DC' level into tihe memory01*.
(1)) ( )Itputt after aIltilCI wr-ite operation louder the same( conditions. Note
the siwlarity to) (a). (c) ouitput afterl a third write ilnder tile -ame write
condl~itionIs, hilt with tile read conditicons m~odified to reflect tile transfer'-
gate thireshold instead of the memory -gate thnreshold.

mftwwm_,L_ 
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the timtisler gate level lowered diitrng i'eading so that the latter's threshold dete-rmines tile size

of the output signal packets. Although the average slope, of the noise in (b)) and( Wc) is simtilar,

there is Ito correlation of the sarlle-to-samlple fluctuations and thle raps deviatiion of thle latter

is somewhat less than that of the fo riper.

Reset aind sou rce-fol low er NIOSI 1:1S connected to thle pa rallel-holdirig-we II electrode per-

mit the ope ration of the device as a, hina ry/analog memory cr relator. The hi nary refe rence

is storedl inl the moemory sites, eachi of which either allows or bilocks passage of the stih seqoeritly

ipnput analog signal to the pa ralleld holding wells. The holding-well gate is u sed as, a floati ng gate

sensor to measure thle SLI niOf thle transferred charge. The analog signal plackets are then trans -

fe rred hack to the serial CCL) channel, advanced one serial cell, and the correlation pirocess is

repeatedl.

ligniire V- -3 demuonstrates the performance oif this dlevice in correlating a I 5-hit tI-sequenlce

w itht itself. The 0i Ist trace [ Fi g. V -3(a) I show s the otitloit of thle sto redl refe rence after three

da vs of sto rage. Ilie firast two samplles a ie unused sites which are kept closed (h lock inig pa ralI-

IceI c hal-C trans ferl . The renmaini ng 30 sites contain the ItI-sequence, with the( sequence 01 repi-

resenting a (1) weight and thle sequence 10 representing a (-) weight. The nmaximuom antph tule

(analog) input signal is seen at the top of F~ig. V -3(h). This is a +1 -V -aniplit-ade 15 -hit repeating

'ii-seqteric e w ith zero levels between hi ts. The output of thne cot-re lator is seen at the hottom of

this phiotog raph. Figurie V -3(c) shows anl input which has been attenuated hY morae than) 40 dil

and the corresponding output. Figuire V-3(d) shows the input and output in the mtiddle of this

linear dynampic range. Figouie V -3(e) was taken tunde r thet same condi tions as (d) hut with the

input huit ed in a 10 -kllz triarigular wave. The suppression of this trianguilar interfereince is

evident. These cor relation waveformnts w ere taken with a clock frequency of 12.5 klizI. With

motilor design changes, much higher frequencies could lie reached.

lIn sitmi na ry, tile ope rating chartacte ristics of thle first-gene ratiii devi ce (II 'Ard-A) are

shown ill Tatile V - . The next generation analog imemiory has Iteen designed and is now ill thle

process of miask layout. Design characteri stics of this (levi ce (LITANRh-HI) a re shown illi Tabl IV\-2.

H. S. WV iterI's
RI. Wt. Ralston

1). -1- TO ZO-Gllz-)ANIWIIYI'l SIlltOll' N( NMA~rIIIKI) uIIT::w
DElSIGN ANAlYSIS

I. The Fi lter Coniicept

Mhic rowave initegrated ircuit design, llltar nuuic rofahricatiou technology, and suipercoiuict-

ing no1tals; are heCirig cominied it) ait effort to muake very a idehlatid analog signal -urmcessiug ci r-

citts. Filters matched to conmplex radari or commiuiciationi signals such as linear-freptency-

muoduilated (I VI S) chirps or Ipseiicltlliiise sequienuces appear feasihle with tinle-haudwidth ITW

roduocts of, over 1000 and with hanldwidths of 2 to 20 Gliv.. These filters will he Syn1tliesi,'cd

lii-ug happed delay limes with a wavelgiiidirig statictitre. Veylongi delay linets (I to "t0 ni) hiaving

delays- till t') 0.S0 's woiuld fit onl a smiall dielectric sihstrate (2, ,iii I. The wavel.Ttiding Strite-

tilre must he very narrow (5 to 100 iiiin) to Yield thne long lengths. Rlesistive losses of niormal

netals its suich niarrow lint's are prolnihitive and thus:- a1 supercondutctintg nIlttl is relqtired. Nio-

hiutu (htnssiir enuueratiirv TI C 0.2 1K) is preferred liccallse it is very dhurable arnd has low%

itl ihlilii-hn'lilui teliiperatiir 0c(.2 1K). The technology for depositing arid patternlli ng it ho

1,7



(b)

c (d I

(11 II> reni ;IlIl v. " \ (h 0 I I I rae I iil 11 1n 1, .1 repenl -
jilV st,1101C % It HI .l\ 'I;lwt% eiil the hi t.. I \ iX-. Iower

t ra ec 1 coirelaitiiii miiliit, "00i nI\ 'dIX. ((r) t ppel r acre: inpu)It sits-

((J) I pperI traie: iiipiilt, J 00 i!A d iv. I .,)Ier. Ic~ie: iioi eiatiml iiil -

terfelteiico 100iil l II\ ii/div. I ower trace: cmrrelation iti
50( II\ 'div.
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TABLE V-I

LTAM-A MNOS/CCD ANALOG MEMORY
TYPICAL OPERATING PARAMETERS

Reset Pulse Voltage -35 V

Reset Pulse Length 10 ms

Write Pulse Voltage +25 V

Write Pulse Length 200 ps

CCD Clock Frequency I to 500 kHz

Charge Transfer Inefficiency 1.1 x 10- 4 (14%fat zero, 125 kHz)

Endurance >106 erase/write cycles

Dynamic Range 33 dB after 100 h

TABLE V-2

MNOS ANALOG MEMORY
LTAM-B DESIGN AND OPERATIONAL FEATURES

2
Memory 256 samples, 10 , 10 pm memory area

2
CCD 3-phase, surface-n-channel, 10 • 60 pm gate area

Technology Dual-dielectric gate, one-level metal, two-level
polysilicon interconnects

Local oxidation of silicon channel stop, diffused
source/drain

2
Chip Area 8200 - 800 pm

Clock Speed >l MHz (input and output)

Voltage Gain (serial input/store/serial output): approximately unity

Correlation Binary/analog, 100-kHz rate

59
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I-rrprecisionr has breen developred at Lincoln I aloratory and e lse%&here. T]his report gives the

results (if anl ata lvsis of the theoretical and practical constraints onl inpleiirenting Such electro-

riagr"letic filIteris.

Onite p~enalIty of tising surpe rconrductors is that refrigerators are needed to mrai nta in the cr ro-

1gelic en vilron merit for thle soupe rcondurcting ci rcrrits. Sn chl re fri ger'ato rs are be ing de veloped. A

spin-off from thle supjerconIducting computer development is a 4.2 IK. refrigerator which reqli re6

2 kio of power. I nder intensive deve loporent are re frige rators w hich operate at 10 to 12 K.

Teo re riesiti or. ''xterided-niission sparecraft and reqluire abotit 'ii00 \k of poe cr. Super-

c'onduc to rs with high Tc (e.g., Nb "i Te = 18 K) are being developed and are well wi atchled to

thre higher temperatulre refrigerators-. Thus it is feasihle to pila'e .super'conducrtinig Circuits,

borth analog at~d digital, lin future svstenrs.

2. Analvais of Tinue-lialle iltlt Constraints

The tirue -iaridwiclti conrstraijots oif the filter are de te rrm inredl v tire deIa v Iline its~elf. ThIe

toirstiaiiuts it! posed bY conduclitor Iss, dielectric hiss, (ispersili , crosstalk, arnd fabrrica tion

tecimr('lrries arc therefrure exniied fo r i cr'strill, striliue, amid ioplatiar wavegimde.

a'. Tapped- llaY- l'ine l'Ilte'

Three different Lgeometries for sl~iieezL!n ai very lgtappled ilelav line on a sniiIl surface

a rea are shmttn if? Flg. \ -I1. Thel( dual -spiral paittern is Irreferred for iever-al reasonis: tight

rrdjo s heruts 'Ire avoidled antid taprs ate placed indeprr'irieriti ofbierids - the ci rcular spare is

I0 pi 1 ercenit 'itilizeti Miti wafer subhstrates are tvypirallv-r'omrdi; and spulrirous signials indruced

on tire oottut ine by crors,t~rk are iirrjraglatrug ai. 11v ft'll the output port, c'In Ibe terminated,

andh are less likely to cauise dhistorrtionl.

A1 l.Il filter can Ire svrtliesi/ei with a taplpedi delaY lure inl a vark-tY of wkays; two schemies

are bi'irg, stu~died. ( )e nippr'raii is to, divide the 1,ta ireq~ielwv 'amid into ri rirarireis. Eachi tap

Crrrre.Spirrmud ti uric of tire ir hNa ands aiil( iras all i itudvsfeierc characteristic

ihlesi goeri to cr'iereritlY add to tire responlse oIf adjacent taps, ir order to give a unit amlplituide re-

sprrtst (iii orther, des;iieu eei'itiillO at '055 ther iialtl. Iti idditiori, a u(iarratic phase-vs-frequencY

chiaracteristic muist ire acieved Ii ordlerto tI'give the desi red linear gi'rrrr)-dielay-vs--fre(Irieiicy

respImse. Tris r,'rqiir'elieiit tieterriliies tire placemnuut y'f cachi tail iii tire delay line. Usinig

tilsla. i aai ure lative'lv sel:11 inn rr )t' talls are 'r i reid to svruntrosi,.e large time-lraridwidth-

prorduct filters. Eachr tapi, irwevcr, is miirirjie aid is of comnplex design.

An alternate apprrari, wi It is rumliasier to falniicate hut which introduices slight signial

riistlrtir'i, i., tr' Ise Ii ideliri'ad tapls, all (of \%ii' halvi' poslitive w eight arid idientical phase char'ac-

terrstics. "Fire tapls are pilaced t"lilifitl lurrg tire derlay line at delays coir'esponrdirng to 3600

('f phase cihange iii tire cirp signIal "ul - cos (,,t I '2 itz ), where u is thle chirp slrpe over tire

interval -T '2 < t < 1' 2. This irlIrrurach %%as deuvelorped at Linrcolrn LahirratorY3 for' anotiher proj-

lect and gave grunt perflrrnlrul fur- a 1.1"M signal w&iti a TWV prourict of 200. lii general this tech-

Trrijrre is appllicablle frot filters )f'IA% p~roduuct airrve ahinrit 100.

The physiralI laYirurt and o'uiuivalerrt ci rcunit of a w idebanci tap is shown iii Fig. V -1. The weight

of a tYprial tall wAoo I ie set at 1,0 d it, thrui nirltipath signals resul ting fi'onr thre iondir'ectiorral-

itY iof tire tapi wonuld he very smrall relative tor tire desi red signal.
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b. \Vaveguiding St ruc tures

Thei three't \%vcA(gtlillg ,truiitii-0.1 - M iroSti-'rp. Stri~ni, and] coplanar WaV)~grl(C ;

s hown it) inFig. V -6. All three may hie used under certain ci rcumistances, and all are 511 peri oi to

such alternatives as s lotli no Or sloW-wave StructllreS. Thre three structu res have compa rabxle

losses (coplanar is about 2 dli greater). Sti-i pline has no dis persion, but it will he seen that for
tile dinmensions and frequencies important here all the -;trULlrCS have negligile dlispecrsion.

Thle three structures have very different crosstalk properties, and they stress fabrication tech-

nology quite diffe renotly. In the di scuission that follows the filter is assumed to have 50 p~ercernt

fractional bandwidth. A tapped -delaY-line filter thus requires the line length 1, in wavelengths

A to equal 2TW.

c. Crosstalk

Crosstalk hetween the input and output lines is significant as a loss miechanisnm for tmc spiral

veometry, and as hoth a loss and distortion mechanism For other geometries. If the loss per

wavelengLth is kct, then the delay-line loss in dB3 is 8.6 k CtI IA. Thus k ct < l/2TW gives an

acceptable loss less than 8.6 dl).

Thle crosstalk is aplproxiniatelY given hy ket- (Zo - Zoe)/(Zo Zo ) where Zo 0 Zo are

the odd - and even -mode impedances of the input and output lines taken as a pair.

Figure V -7 shows the crosstalk ceiffic ient for mic rostrip and striplime as a function of li ne

spacing (for a 50Q line). Nicrostrip has more crosstalk for wide spacing beocaiuse of thle absence

of an l)P pt ground plane. This canl ho somiew hat alleviated by uising s hiel ded iiiicros trip. Thle

crosstalk for coplanar waveguide has not heen analviod. H owever, ain analog simulation using

conducting paper indicates that if w% = g and( d/g S (variables doefined in l-'i g. V -6), thre c rosstalk

is ahout -40 dli and if d/g =10, it is -416 dl . Thle crosstalk for coplana r guiide only drops in -

that the very thick dielectric of thle coplanar guide a llirw s for signpificant capac itanrce lieteen tile

tw o linies, while ini striliel the capacitance L3 vi cv smnall becau so the ground p lane inite rcepts

nearly all field lines. 'lis i-oplaluar guide ca hl e Used Oul small tiie-banldwiilt l'F%\ 100o),

mic cost rip onl modest l\ F% 00), and ;t ci ph In' on) large ( IA 2000) dela \ linies. IPractical

stripline structures can he nlale w\here the crosstalk is vir1tually Zer-o. [hle thrust of Our first

dlesign and expercimental effo it.-x \kill hie tilt- no ic ost rip and~ sti'ipliiie geomeitr'ies.

,I. C(I utor LOSS

At nii cmi'oa e flri'q ucII WiS, supe rconduictoris have significant reosistance due to tile presence

Of rlotlMal elextrOn. The loss (in (M)P for sijiorcondiuhinpg niici'istii is 8.6 ij L. \\Z oxh e re

1,Is tiit. dilav-1ln e hiith. l?, tile sujrface, resistance if Mh, Wv the strip width, and ZO the line

()n ain arbiitra ry large subhstrate one canl desi gl aix ar'litr'ary long delay line liv naki nig thle

coniducito r strip wvide erxou gh to enrsur mnodest losses. On a fixed -area s;tilis rate, the delay-

Iie riIn gth, the strip width, aid( thle Iline impedance are inter related. These r'elationshiips ('aIn

htie xpreossi'd as a fiunition of the total delay arid f'ractional handwidtli.

imisirler a stripline if geonietrx shown inl F-ig. V -6. Thle phYsical length of thre ine I1.

cI /Jk - A/0saw) where T is t)re toitalI delayv, c / -kr the propagation velocityv i tie li no, arid



A the substrate area. The loss Oin dBI is 8.t, Ijsl./wZ o lvaluating this expression in terms of
delay and bandwidth can be done with the following constraints appropriate to oUr filters:

s/b 2 for -60 dli crosstalk

k w %VWfo fractional handwidth

tI 5.5 x 10
-7  

ft.7 .2/!C, f in (;Ilz, for M) at 4.2 K5

Conductor loss dl3) 5.2 x to 6 1.7 T.,
k 1.7 Z Ak

w 0 11
For kw = 1/2., k r 7 0.6 (sapphirel, Zo 50QB (w/b 0.167), and A - 29 cm the loss (dB-

2 x 105 (TW1
2

.

This latter expression of the limits of filter, desigm in terms of signial delay and bandwidth

is shown in Fig. V-8. These constraints are not influenced verv ruch by impedance level or

dielectric constant. 'Fie constraints are ve,'y olw eCh influenced by peratin tem perature and

the material T, . Figunre V-0 shows the dependence of maximmnm delay length for I0 (d1B loss at

2 (llz bandwidth vs temperature for NI and Nb Sn.
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lI g. V- R. IDelayv-hanld idth tconslt'aif1t ll sup~e r .1(11(tir/v ,AI'111l11'' (I]'ll
to c'ondulctor loss.
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For 50 percent bandwidth (kw = 0.5) and an acceptable loss of 5.4 dli, the constraint onl the tine-

bandwidth product of tbe delay line is given by TW < 1/(10 tan 6). Thus a TW =100 filter re-

qtuires a loss tangent of 10 3 an easily met requirement. A T'W =1000 filter requires a loss

tangent of 10 4. Bulk Sopercill 11 (a very pore quartz) has a loss taugent of about 10 4. Sap-

phire has a loss tangent of 10- or better, making it the dielectric of choice.

The (3etsinger model 4for microstrip dispersion is giveri by

- s en
e s 1 Gf 2 lf 2

p

where f 1)=Z012 40h is the cutoff frequency, is the substrate relative dielectric constant,

eo is the effective IX' dielectric constant, G t, and Zo is the line impedance.

TIhis dispersion places a limit on the TW produtc t that a substrate of a g iven height canl sup-
port. [For the thin substrates of inte rest to this project this dis persion is inegligible. For ex -

ample, the cutoff frequency f 1)is about 200 Gilz for a 1 00 -,or (4 mil) substrate, which resul ts

in a 0.01I-)tercent change in the dielectric constant over a 2 -Gi117 bandwidth.

S trip! ine is entirely free fromi dIispe rsiont, and] thus even, largecr structu res could lte utsed if

reqtt i red. In g!eneral, however, dispersion is not a p~rob eni1 for any of the small wavequ idirtg

strutctu res.

f. Fab ricati on 'I'echnolttgy

'Ilte fabrication issues involve the di electric stiltst rate, the photoljithotraphy, and the tt b-

him . :aclt is discussed helttw.

it(,lanat' %%-aveLrtide places nto conistraint ont tte tdielectric thickness. Striplirte and mticro-

4ttj rItt' thutO stlsrto at llow, narrow lmnt-; owar .0ll itu)etlaitte (21; to 1 CO2 is ol-

uwtah. l'ab! % - i shoums thle m~aximutm delay-line length of 5S2l stripline for ant array of substrate

a K1A -th icisses. Co uneria l ventdors of precision microwave dielectric substrates can

;1 te 2-itt. -tia. lo-tssapphrire sutbstrates 100 4mn thick; thus 50-uis delay is
!h.1,, 1, tr .. It 1 u1;w.t sohstrates (< !2 1111 11no Ita be feasible if Supported h\

Li-,i a r.ut (lv otetmot u ill be cello redl to reach delays of -200 its or

TABLE V-3

DELAY-LINE LENGTH
500 STRIPLINE ON SAPPHIRE

Substrate Thickness (pmn)

400 100 25.0 6.0

Delay' (ns)

Active Area (cm 2 5 3 12 50.0 200.0

20 12 50 200.0 800.0

40 24 100 400.0 1600.0

Line Width (pm) 133 33 8.3 2.1

AI



g r-ea tert. AlItern Iate1 1,111,,-terI- die\%'elIopIIo I in t oti I is for lonmIg de lays or verIy thi 1 n jI, st strates

irivotre dieposited di lectri'so she-;iet dielectrics. labiiation of a thin-filml dielectr-ic a ith

adleitiatetv tow hloss Wi IIIu irett' yer-Y low contamination in tile dtepositedt fiti,. A mor-e readilyv

eXploOCIA :1 lteri-Iitie %N0IlId hre to ise plastic fil m as thle dielectric. trimis of Teflon, or- oy

ethy, lene or 1(t ilnide are avai tale inI thickness of t mit (2) cii or- less, loss tangents ot

2 x to 10 have been r-eported at -1.2 k'. 'These fitns could be used to make mici-ostyrip byv depos-

it i I g arid pat terI-rn I b IIM 'I I the tji I-n (I I r-eetl or beI sariiw ic Iiiiig the fi It ii hetween tu o thIIicker suib -

str-ates a Iiich carriY the '\ 1 griuint ple rant stip1 paiteirls.

Nliiunmli iea:tu i~e si/e- of 1 I, ai:-e ieadti lv actrievatile liv cioitact pliitolitior-aptY over,

s al eas. leiucthic a aeguiiiii sticc tin es treqiriired line \icittis of -2 im i-i gr~eater,,

r~eso[tioi Itseli is, nr a problhemi. ttoae\'ei' tire line sioiitld ire frvee if defects iver- the large

s ('st11, r'.. 'This placc., :I 1w it I. I, 'ptlel pai'ticite coiitau- ilatioi. e~. tile 200-irs

III C IS 20r iP 10o'. aitd earl sffer. Iio shor-ts, opewns, or' i'a~oi, (ierti ibtiiris Ii inipedance). Th e

:-:is~rb litc it iteter-iined by pi~IitoIjt~IIovigrah~v would tie a rlelaY of abriot 2 cis. Rleachinig this

I[,- it .%ill i'c~piire extensive deeb pmlerit of a ini. -nla. pihrttlithographic techniolog..

tI'c , 'A ' itaniitini -eqliiedt for. tire nioltigiaii pplics to the cleaningL oif tile (Ii-

ic ici suti-:ite arid to tile SI -Ittel' iciness ustor' \1b deI -I) itio'i.

ru- t 1- '-iii lou ' arid the cI (cli . i- -- siipp it -'akin,,, dea liiso 0 us delay

(,H !-I !.A (Id . 't1 
!(1 -1 i -i- -' !-',~I) ' f : 10 l' -uroito t filter' is r-ealistic. Much a

I: A, !-1 ith yi - liu ne iti, !t \ iolatirigt the cr'osstatk constraint),

1 11 1i 11-- , ' 'i tjin -i ii i-t-t thickness fair-icatin conistraint),

t, - - i-I.' 'tica teri cxpen'iueiintally. The eventual attainment

I I ~ - . I ' Ih f s 1 r t, awlt r-eqliice muajor developmnit

diih d, I'.' 'i i tiiiut %aill reqiir -C aki ng thinl 1< 25 k,111 siubi-

.it ! ; ill 1-I it . .A- refii desip li to Coini perisate for tine c rosstalk

:I clI ' : *- u -. rug ilch a iiciarut fiIto i,-s and irthirr anialiig siipereuinductiiig

I n iu-ii sina I (irocessiligj, systeis.

I. 't . rI -i 'i
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