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ABSTRACT

,—;'I'l\is report covers in detail the solid state rescarch work of the Solid State
Division at Lincoln Laboratory for the period 1 February through 30 April 1981.
The topics covered are Solid State Device Rescarch, Quantum Electronics, Ma-
terials Researvch, Microcelectronies, and Analog Deviee Technology.  Funding
is primarily provided by the Air Force, with additional support provided by the
Army, DARPA, Navy, NASA, and DOL,
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INTRODUCTION

I. SOLID STATE DEVICE RESEAKCH

GalnAsP/InP diode lasers 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 modulat.on of the
laser output has been achieved at frequencics up to 2.5 GHz, the system measure-

ment limit.

InP optoelectronic switches have been shown to have potential performance advan-
tages over conventional diode bhridges as c¢lectronic mixers. These advantages
include ‘solation of local oscillator and signal, simplicity of construction, and lin-
carity from low freyuencies into the gigahertz range. Mixer operation has been
demonstrated at 100 MHz, and calculations indicate good performance into the giga-
hertz range with existing InP technology and GaAs laser sources.

II. QUANTUM ELECTRONICS

A preliminary study, including laboratory measurements, has been made to test the
capability of a dual-lascr differential absorption LIDAR system for the remote scens-
ing of hydrazine, monomethylhydrazine, and unsymmetrical dimethylhydrazine,
which arc used as aircraft and irissile propellants. The results indicate that a de~
tection scnsitivity of 10 to 100 parts per billion in the atmosphere over a range of

several ailvmeters should be achieved with these molecules,

Two GaAlAs deuble-heterostructure semiconductor diode lasers, cach in a separate
external cavity, have been heterodyned. Broadly tunable (40 nm), single longitudinal
mode operation, with a spectral linewidth less than 15 kHz, has been observed for

the first time,

‘The characteristic times for thermalization to the lattice temperature of electrons
excited to the upper noncentral conduction-band minima of GaAs and InP have
been measured using a four-wave mixing technique.  Relaxation times of 1.1 ps for
GaAs and 0.3 ps for Inl’ at a lattice temperaturce of 300 K are obtained. Measure-
ments of the nonresonant third-order susceptibility in these materials show that it
is dominated by bound clectron contributicas and is inscnsitive to the free carrier

concentration.

[II. MATERIALS RESEARCH

Shallow -homojunction GaAs solar cclls have been fabricated from single-crystal
GaAs rpilayers grown by chemical vapor deposition on Si suhstrates that were coated
with a thin epilayer of vacuum-cvaporated Ge to enhance GaAs nuclcation.  Thes
cells, which have conversion cfficiencies of 12 percent (AM1L), arc the first reported

GaAs devices fabricated on Si substrates.

vii
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Cathodoluminescence cxcited by the electronbeam of a scanning «¢lectron microscope
has been utilized for nondestructive characterization of the optoelectronic propertics
of polycrystalline GaAs doped with Zn at the concentration level (~1019 cm=3) us«d
for the substrates of GaAs shallow-homojunction solar cells. By employing cathod-
oluminescence imaging and using speciral analysis to determine local carrier con-
centrations and diffusion lengths, it has been found that grain boundaries in this
material differ significantly in their ¢ffects on nonradiative recombination and im-
purity distribution.

A simple transient annealing technique, which should be useful for large-scale semi-
conductor processing, has been developed for removal of ion-implantation damage in
Si. For samples implanted with As atconcentrations below the equilibrium solubility
limit, annecaling at 900° to 1000°C for only 10 scconds on a graphite strip heater re-
sults in clectrical activation comparable to that obtained by a conventional furnace
anncal at 1000°C for 30 min., but with negligible dopant redistribution.

A simplificd version of the LESS technique (Lateral Epitaxy by Sceeded Solidification)
has been developed for the growth of single-crystal Si films over insulators. Films
grown over Si()2 by the new method, which uses a stationary graphite strip for tran-
sicnt heating, are comparable in crystal quality to the films obtained by the original
method, which uscs both a stationary heater and a movable heater.

IV. MICROELECTRONICS

The technique of charge skimming has been investigated for use with the CCD imager
developed for the GEODSS (Ground-based Elcctro-Optical Deep Space Surveillance)
Program as a means of increasing the sensitivity of the sensor for daylight sky sur-
veillance, an application characterized by high background and low contrast. To
demonstrate thee capability of this techniqu+, the final transfer stage of a CCD array
has been operated with a signal of approximately 3,700 electrons clectrically added
to an optically induced background of 400,000 clectrons.

A metallization technique, in which alternating films of silicon and a refractory
metal are deposited from a multi-hearth clectron-beam source without breaking
vacuum, has been used to investigate the formation of refractory-metal silicides.
Although TaSi2 and MoSi2 arce 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 WSiZ up to 1000°C. This property
of tungsten makes it inherently uscful for buried-metal films in silicon devices,

The high-accuracy alignment capability of scanning electron-beam lithography sys-
tems has been applicd to FET device patterns with submicrometer feature sizes.
A multistep alignment procedure is used which involves coarse registration to large
alignment marks viewed at low magnification, followed by high-resolution alignment
using a sct of small alignment marks imaged at high magnification.
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V. ANALOG DEVICE TECHNOLOGY

Tests on MNOS/CCD analc 1~ rmory chips indicat« that the devices can withstand
at least 106 crase/write cycles before the onsct of degradation in writing and reten-
tion characteristics. Fixed~pattern noisc is the major source of error in the mem-
ory and is caused by threshold woltage variations both in the thin-oxide (memory) di-
electric (~40 mV) and in the thick-oxide (nonmemory) diclectric (~25 mV). The
device also functions as a binary/analog memory correlator, with well over 40 dB
of lincar dynamic range demonstrated in the correlation of 15-bit M-scquences,

As part of an cffort to utilize supcerconducting circuits to produce very wideband
analog-signal processors, a design analysis has been carriced out for tapped-delay-
line filters made with superconducting waveguiding structurces.  The constraints on
delay and bandwidth sct by conductor loss, diclectric loss, dispersion, crosstalk,
and current technology have been determined for microstrip, stripline, and coplanar

waveguides.  Matched filters with time-bandwidth products of over 1000 and with
bandwidths of 2 to 20 Gliz appear fcasible.
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. SOLID STATE DEVICE RESEARCH

A, INTRACAVITY LOSS MODULATION OF GalnAsP DIODE LASERS

Intracavity 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 difficult. Intracavity loss can be produced by inte-
grating an electroabsorption modulator section with a waveguide section and an optical amplifier

section as shown in Fig. [-1.

OPTICAL PASSIVE ELECTROABSORPTION
AMPLIFIER WAVE GUIDE MODULATOR
SECTION SECTION SECTION
\\ - v ,
.. ‘e AN . 4
s\ LY ~ t ’
~ W AN N
Ay 2n . AN ; Ay te
| jvsc v
‘ L,
p-InP > R . = > Ink
) ZING DFFUSED o lap > .
Eovalnask T o d noGolnAse
TR SuBSTRATE Be MPLANTED
Au-Sn eebmmi

Fig.I-1. Schematic drawing of the laser cross section. The optical
amplifier and modulator range in length from 150 to 200 pm and 50 to
75 pn, respectively. The waveguide is 25 pm long. A mesa (not
picturea) is etched to provide lateral optical confinement. The end-
face mirrors are formed by cleaving.

The device structure has been fabricated fromn a conventional double-heterostructure wafer
without the use of a tapered active region thickness or a varying material composition.i Optical
gain is produced by the forward-biased double-heterostructure amplifier section. The 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 waveguide longer than the sum of
the modulator depletion width, the diffusion length of carriers injected from the amplifier sec-
tion, and the width of any strain-enhanced lateral diffusien of zine at the phosphosilicate glass-
InP interface. The laser mirrors, shown at each end of the structure in Fig. 1-1, are formed
by cleaving.

The device structure was grown by liquid-phase epitaxy (L.PE) on a (100)-oriented InP(Sn)
substrate doped to 2 X 10' 8 c‘m-3. The step-cooling technique was used to grow a 0.2~um-thick

active laver of “"0.&3“'0.77’“0.’»2PO.-IH and a 2-um-=thick InP cap layer. The net donor con-
16

centration in both layers was ~t x 10 (‘m-3. An InP buffer layer was ..ot needed because an
atmosphere of Pll3 in Ilz was used to prevent thermal etching ol the substrate prior to growth,
Zinc was diffused through a window 10 to 12 um wide in a phosphosilicate glass (P’SG) mask
to form a p-n junction for the amplifier section. A modulator section approximately 25 um wide
and 50 um long was formed by selective implantation of Be ions into the InP cap, followed by
annealing at 700 °C for 10 min. with a PSG cap layer in a flowing atmosphere of I’II3 and N.!

(Ref. 2). The Ink and GalnAsP epitaxial lavers were masked and etched to feave a mesa 25 ym
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wide for lateral optical confinement in the waveguide and modulator sections. Plated Au-Zn

contacts were microalloyed to the Zn-diffused and Be-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 cor tact pads on the p side.

Pulsed laser threshold currents of 260 to 300 mA with the modulator open-circuited were
typical. Figure 1-2 shows the threshold of one device, relative to the threshold with the mod-
ulator open-circuited, plotted as a function of the DC modulator reverse bias. The pulsed
threshold increased by a factor of about 2.9 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 Gli{z by ap-
plication of a CW microwave signal to the modulator and an electrical pulse to the amplifier.
The operating point of the modulator car be determined with a DC bins, which is generally set
at a voltage near half breakdown. The electrical pulse to the optical amplifier is then increased
until the laser turns on, and the microwave voltage swing is adjusted bhetween the forward-
conduction and reverse~breakdown voltages of the modulator. Typically, the microwave drive is
about 200 mW into the unmatched circuit. A ¢ inAsDP/InP photodiode with <100 ps rise and fall
times is used to detect the laser emission.

The detector output, as displayed on a Tektronix 7104 sscilloscope with 1~GHz bandwidth,
is shown in IFig. 1-3 for a modulation frequency of 2.2 GHz. It can be seen that the laser responds
at this frequency after initial transients have decayed. The apparent depth of modulation is
limited to about 50 percent by the oscitloscope frequency response, which is down approximately
15 dB at 2.2 GHz., large-signal modulation has been observed between 1.7 and 2.5 Gllz. Above
2.5 GHz, the oscilloscope was not capable of providing useful data.

Additional high-frequency measurements, utilizing a sampling oscilloscope, provided a
better indication of the depth of modulation. Since the optical-amplifier pulse and the niicro-
wave signal are not synchronized, the nonrepetitive nature of the signal precludes a true rep-
resentation of the wavetorm. Nevertheless, 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
substantially greater than the 50 percent seen in Fig.1-3 and that the laser is likely turning on
and off at frequencies as high as 2.5 GHz, the limit of the present measurements.

Further work will be necessary to define the capabilities and limitations of this modulation
technique. D.Z. Tsang J.0. Hsieh

J.N. Walpole 1. P, Donnelly
S. H. Groves

B. InP OPTOELECTRONIC MIXERS

InP optoelectronic swit(‘hesz are undergoing development for use as electronic mixers.

These devices offer several potential performance advantages over conventional diode mixers,
including such important features as isolation of local oscillator and signal, simplicity of con-
struction, and linearity from low frequencies into the gigahertz range.

As discussed by Clarke and Hess,4 switches may be used as mixers., Figure I-4 illustrates
one possible configuration. As shown, the switch s(t) modulates the input v‘(t) to give the output
vz(t). ('learly, when s(t) is closed, v,(t) = vz(t), and when s(t) is open, vz(t) = 0. In other words,
vi(t) is multiplied by, with, or mixed with s(t). This multiplying function, which is also known

as chopper modulation, may be described analytically as shown. If we are interested in the term
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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 v1(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 RI and LLO drive signals. When the
[.O applied to such a mixer is sinusoidal, instead of chopped as s(t) is in Fig. -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 RI and 1.O 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 RF 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 1 GHz,
the demands on the laser source become substantial and, in fact, approach the limits of modula-
tion speed for diode lasers. Furthermore, the on-state impedance of current devices is of the
order of 100 ©, thus producing several di3 of nuxer conversion los,, in a 50-Q circuit. However,
this situation is expected to improve considerably as a result of further device development, and
can be dramatically improved by going to impedance-matched configurations.

A demodulation experiment, shown schematically in IMig. [-5, was done to demonstrate mixer
operation of the InP’ switch. In this experiment, a t00-MHz sine wave was modulated with square
waves of different periods in a conventional diode-bridge mixer, and the resulting signal fed to
the input of the Inl’ device. The device was illuminated with light from a GaAs diode laser whose
output intensity was synchronized with the sine wave, and the resulting mixer output was observed
on a dual-truce oscilloscope, along with the innut to the InP mixer. The results for two different
square-wave periods are shown in FFig. -6, where the device output is secen to be a faithful re-

production of the envelope of the input, as expected.

OuTPUT
SIGNAL
-

INPUT
SIGNAL
-

Fig. [-6. Results of the demodulation experiments of Fig. [-5 at two
different square-wave periods. The harmonic content evident in the
input signals is introduced by the diode-bridge 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
50-9 circuit, it is possible to obtain efficient mixer operation even at relatively low light levels
as long as « is small in comparison to the cutoff frequency Wer Impedance matching usually
imposes a reduction in the fractional RF bandwidth over which the mixer is useful. However,

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

TABLE |-}

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 ! 0.5 0.25
Size 1 (um)

Capacitance (fF) 5 10 20 40

QOn-State Resistance 20 »~ \03 500 50 2.5
(ohms) for
w=-0.1lw

c

Required Laser 0.0015 0.3 3.75 188

Power (mW)

Device area = 20 x 20 pm2

Electron mobility = 4000 cmz/V-s

Performance anticipated for optoelectronic mixers over a wide range of frequencies is sum-
marized in Table [-1. A primary parameter is the photoconductive lifetime in InP. The first
two columins cover the range of photiconductive lifetimes that have been observed to date, and
the final two columns indicate what could be achieved if the lifetime could be further reduced.
For 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 columns 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 w2 10 «. This criterion establishes the maximum on-state

2>




resistances and thus the minimum required laser powers. It is assumed that impedance match-
ing can 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.J. Leonberger
R. €. Williamson
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[I. QUANTUN FLECTRONICS

A, STUDY OF FEASIBILITY OF LLASER REMOTI SENSING

OF HYDRAZINE, MONOMETHYIHYDRAZINE, AND

UNSYMMETRICAL DIMETHYLHYDRAZINE

The suitability of the dual-(‘()z laser differential-absorption LIDAR (DIAL) system1 for the
remote sensing of hydrazine, unsymmetrical dimethylhydrazine (UDMH), and monomethylhy-
drazine (MNMID is being investigated; hydrazine, UDNI, and MMIH are used as aircraft and mis-
sile propellants. The initial phase of this effort involved (a) the determination of the appropri-
ate ('()2 laser transitions for the remote sensing of the hydrazine compounds, (b) theoretical
estimates of the expected detection sensitivity as a function of range for ~emote sensing mea-
surements with the system, and (c) laboratory measurements and verification of the differential-

absorption coefficients of the compounds.

1. Choice of Transition Lines for Differential-Absorption

The choice of (‘()Z laser frequencies to be used for remote sensing of the hydrazines in-

cluded consideration of (a) those ('0& frequencies obtainable with the mini~TEA CO lase!'s,z

2
th the differential-absorption of the hydrazine compounds at these frequencies, as taken from
the measurements of Loper et :_1_1_.,3 and (¢} the atmospheric tr‘ansmissi()nd‘ and interference from
other atmospheric species such as ammonia and eth_yhrner”() at the chosen frequencies.

By using the above criteria, CO, lager frequencies were chosen to yield as large a differ-
ential absorption as possible consistent with minimal interference effects from either ammonia
or ethyiene,  While it is desirable to choose the frequency pairs close together in order to maxi-
mize the mutual « sherence of the two laser beams, this proved difficult to achieve for both UDMH
and MA[,  The explicit frequency choices along with the pertinent absorption parameters are

given in Table I-1,

2, Remote sensing Detection Sensitivity of Hydrazine Compounds

In general, one of two possible approaches is usually taken to determine the minimum con-

centration, n_ . , of a trace species as a function of range, R. The first establishes the limita-

min
tion by setting the difference in the backscattered return at the two frequencies equal to the noise
sigmal.  The second 2pproach assumes a limitation in the ability to distinguish changes below
some predetermined value in the difference between the return signals (Al’!_i at the two fre-
quencies.  The effects of both limitations have been considered for each of the hyvdrazines. The
basis for the caleulations have been given prcvinusly? and will not be repeated here.

F'or the case in which the difference in return signals is set equal to the noise signal, it

may be shown that n, expressed directly in parts per billion, is given by

nin’

5R

o expl-25R) (-1

. (pphy -
"min PP

where R is the range in km, Ae¢ is the difference in the molecular absorption coefficients of
the trace species at the two LIDAR wavelengths in units of (vm-atm)”1 and 3 is the atmospheric
extinction coefficient in km_,. In deriving . (11-1) use was made of parameter values appro-
priate to the DIAL system, including a noise sigmal of 2 X 10-8 W, a receiver area of 600 cmz,
and a peak pulse power of 105 W; a 10-percent system efficiency and a 10-percent topographic

target reflectivity were assnmed.

FRECEDING FAGRE BLANK=-NOT FILMED




TABLE 11-}

RELEVANT ABSORPTION PARAMETERS

FOR THE REMOTE SENSING OF THE HYDRAZINES

CcO 2 Laser

Transition

PR2)
P(28)
Differential

Absorption

P(30)
R(10)

Differential
Absorption

b— - -

RE0O)
R(18)

Differential
Absorption

(@) This work

|
:
]
|

*Reference 4

t Reference 5

Wavelength
(pm)

10.611
10.675

10.696
10.318

10.182
9.282

(b) Reference 3

Absorption Coefficients

(cm-atm)
t t
Hydrazine N H3 C2 H4
\
L@ B
l'5.27 5.4 0.045 1.09
2.26  2.17 0.36 1.30
3.01  3.24 | -0.315 | —0.2
UDMH NH3 My
1 2.28 .45 0.86 1.63
011 0.05 0.78 1.51
L2170 1,40 0.06 0.12
|
| MMH NHy | Gy
‘ 1,32 1.36 0.029 0.56
| 0.29 0.23 0.13 0.61
[ 1,03 1.13 ] -0.10 | -0.05

| Atmospheric”
Attenuation

Blkm)”!

0.1142
0.0976

0. 0907
0.1142

0.1137
0.1418
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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
LIDAR returns (APF/Pr) that can l7)e measured. Assuming that value to be 1 percent leads to a
minimum detectable concentration of

Tmin (prh) = A%% : (11-2)

With the use of Eqgs. (II-1) and (-2) and the appropriate values of A¢ and 3, as given in
Table II-1, 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, [1-1,
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 km. These results are subject to further improvement by
averaging over several pulses.

0%
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Fig. [1-1. Minimum detectable average concentrations of hydrazine,
unsymmetrical dimethylhydrazine (UMD, and monomethylhydrazine
{MMID by topographic reflection as a function of range using a single
10-m.J, 100-ns laser pulse.

3. Laboratory Absorption Measurements of Hydrazine Compounds

Absorption measurements of the hydrazines for the chosen frequency pairs were carried
out in the laboratory using the dual-laser DIAL system. The measurements involved firing the
first laser at the on-resonance ('()2 laser frequency followed 50 wus later by the second laser
firing at the off -resonance {requency. After passage through a beam splitter, both laser beams

followed identical paths through an absorptioncell containing either air or nitrogen atatmospheric

11




pressure. After establishing the 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 beam 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.

The measurements in a nitrogen atmosphere were made to determine if the calculated re-
sults given above, which were based on measurements by Loper et al. using a low =pressure
CW (‘()2 laser, are applicable to absorption measurements taken with a pulsed ('OZ TIEA laser
operating at atmospheric pressure. The results are shown in Figs.11-2, 11-4, and l1-6, and the
absorption coefficients obtained from these measurements are given in Table 1i~1. The values
for hydrazine and MMH agree with those obtained by Loper et 51_1_.,3 but the present values are
50 percent higher for UDMHI.

The hydrazines are known to be strongly subject to oxidation effects;s’q therefore, mea-
surements 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
atnmosphere, they served to establish the feasibility of accurately following the changing con-
centration and to uncover additional problems which will be encountered in attempting to deter-
mine hydrazine 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. -3, 11-5, and I[-7.

Ixperiments are planned which involve placing a large cell containing known amounts of
hydrazine compounds between the laboratory and topographic targets at 2.5 km in order to
establish the ability to monitor the presence of these compounds over distances of several ki-
lometers. Calculations, supported by the results discussed here, indicate that the detection
of 10- to 100~ppb concentrations over ranges of a few kilometers is feasible.

N. Menyuk
D. K. Killinger

B, SPECTRAL LINEWIDTIH MBEASUREMENTS OF AN EXTERNAL-CAVITY

SEMICONDUCTOR DIODE LASER

Recently 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
the capabilities attainable using a monolithic semiconductor laser.“ The external-cavity diode
laser is composed of an AR-coated double-heterostructure GaAlAs laser diode positioned be-
tween a pair of AR-coated lenses which collect and collimate the diode radiation onto a first-
order Littrow-configuration diffraction grating reflector at one end of the cavity and onto a
partially reflecting dielectric mirrvor at the other end of the cavity. The laser cavity oscillates
in a single longitudinal mode tunable over a 10-nm spectral range with output powers up to 5mw.
Measurements of the mode spectral width using a high-resolution scanning Fabry-Perot inter-
ferometer show an instrument-limited spectral linewidth of 3.5 MHz with a frequency jitter of
500 kHz rms.

Ixtrapolation of the typical spectral linewidth from a monolithic diode laser leads to esti-
mates of a few hundred hertz (at the output powers available) for the linewidth of the external-
cavity laser. [n order to accurately determine the spectral linewidth, two external-cavity diode

lasers were tuned to within 1 GHz with the aid of a high-resolution spectrometer and a scanning

12
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Iig. 11-2. Time variation of relative transmittance of 10.6-pm P(22)
and 10.7-um P(28) radiation through absorption cell containing nitrogen
after inserting 1.6 ut of liquid hydrazine.
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Fig. [I-3.  Time variation of relative transmittance of 10.6-um 1(22)
and 10,7 -um P’(28) radiation through absorption cell containing air after
insertion of 0.9 and 7.6 uf of liquid hydrazinc,
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Fig. 1I-8. A heterodyne beat spectrum
of two external-cavity diode lasers with
0.4~ and 0.34-mW output powers.

30KHE

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

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

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

- remtply -

15 kiiz (L.orentzian lineshape). Hipher resolution measurements were precluded because of
frequency jitter of the individual lasers during the spectrum analyvzer scan.
This is the first demonstration that an external-cavity GaAlAs semiconductor diode laser

is capable of operation with a spectral linewidth less than 15 kHz. 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. D. Welford

A. Mooradian ’

C. NONLINEAR SPECTROSCOPY OF SEMICONDUCTORS

Previously, initial results were repm‘ted12 of an investigation of the use of nonlinear spec-
troscopic *echniques for semiconductor material diagnostics.  Measurements using these tech-
niques to probe hot-electron dynamics in [11-V semiconductors and to study the nonresonant
third-order nonlinear susceptibilities of HII-V semiconductors have heen made, The measure-
ments were carried out using four-wave mixing techniques in which two input laser beams at
frequencies wy and w, are spatially and temporally overlapped in the sample. Nonlinear mix-
ing in the sample results in the ‘eneration of sidebands at Zwi - wy and sz Wy which are
monitored as a function of the frequency difference Wy The experimental arrangement
has been described in more detail previously. Briefly, two laser beams at wavelengths near
1 pm {in the transparency range of GGaAs and InP) are generated by a flash-lamp=-pumped
Q-switched 1.06-um YAG laser and by Raman shifting the output of a rhodamine 590 dye laser i
pumped by the second harmonic of the YAG laser in a high-pre: sure “2 cell. The second Stokes
output of the Raman cell is tunable from 1530 (‘m-‘l to —400 cm-1 around the 1.06 -um YAG out-
put by tuning the dye laser.

The dynamics of hot-electron relaxation in GaAs and InP are crucial to the operation of
high-frequency transferred-electron (TE) semiconductor devices such as Gunn os(‘illatm's.‘ ;
These devices depend upon the variation of an electron's mass and mobility between the central

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

graphic directions. High-frequency operation of these devices is limited by the relaxation of )

-
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hot electrons from these upper valleys back to the lattice temperature in the central minimum.
Notwithstanding the importance of the relaxation process to the operation of Ti devices, only
very limited experimental information has been repolr'tedM because of a lack of suitable experi-
mental techniques.

The four=-wave mixing experiment reported here gives a direct measure of this relaxation
time. Phonon-assisted optical transitions between the I' and X minima have been observed
in both GaAs (Ref. 15) and InP (Ref, 16). [ot electrons are expected13 to relax quickly to the
lowest noncentral valley (1. minimum); relaxation from this valley back to the bottom of the T
minimum is the rate-limiting step in the overall relaxation process. Because of the large dif-
ference in the electron massces between the Lottom of the T minimum and the upper sections of
the conduction band, an electron mak:‘s very different contributions to the medium polarizability
depending upon its position within the band. This mechanism has previously been s,howni7 to
lead to a contribution to the third-order nonlinear susceptibility \H). This previous calculation
was for a degenerate case where all frequencies were the same; extending the result to the case

of two-treqguency excitation vives

R
Yy gedenT (ﬁ B RL) 1 ai-3)
1 2% 1 2 bound b 13 m my 1+ 1 wy T,

3) . . . . .
where Yhound i= the backeround nonlinearity of the bound electrons, o is the absorption cross

section, \ the electron density, T the hot-electron relaxation time, and my. and my the re-
spective electron masses. I{I. and H[ are resonance enhancement factors given by
>
, 2
R, S G=1,1) (-4
RO IO
‘, i l)

where . L1 the ippropriate electronie enerey above the valence band.  These resonance factors
also lead to o decrease no the electronic polarivability in the upper valleyvs as compared with
the centeal valleve Veasnrer ents of the frequency response of the four-wave mixing sigmal
o T G s b e cvalduate the relaxation time T. The results of this measure-

: 3

Poend are shosr for gt TR r-tvpe Gads sample in Figs 19 and for a 3.7 X 10! em”
petvpe e sarple e P, =100 Pop low concentration samples, the \(” contribution due to
the elec tron retervalley nrocesses is masked by the background susceptibility, and no spectral
stricture was observed.  For the two spectra, the solid curves are least-squares fits of Fq.(11-3)
to the data and cive an energey relaxation time of T = 9 X 10-115 for GaAsand T = 3 X 10-‘ 3 s for
Int, The more rapid hot=electron cooling in Inb is expccted“ because of the higher 1.0 phonon
erercy and greater jonieity an this material, The relative values are consistent with the ob-
served  tolf fregqrierones of TH devices an these two materinls,

Liv ated ¢ easorerients of the temperatinre dependences of these relaxatior times have heen
carried out. At a lattice temperature of 430 K, the GaAs relaxation time has decreased to
~H X m'” 5. More extensive measurements over a broader temperature range are presently
ander wav,

At nnderstanding of the backgrouna \‘ 3 contribution to the four-wave mixing process s
clearly in portant. If this contribation conld be reduced by a judicious choice of experimental

paran.eters, it wonld allow nieasurement of the relaxation times over a wider parameter range.
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In addition, in a recent publication, Kupecek et a_l.“‘ have reported CCARS spectra of the
L.O phonon in GaAs similar to those in our previous repm't.12 In their analysis they assumed a
background \‘ 3 proportional to the free-carrier concentration and used the interference hetween
the background and phonon contributions to \' 3 to obtain a measurement of the carrier concern-
tration, We have measured the off-resonance (at Wy Tw, Y 100 (‘m-i) background susceptibility
in a wide range of GaAs materials ranging from semi-insulating Cr-doped to heavily doped
|~101h vm-;) n- and p-tvpe waters. The variation in the background . i -ceptibility was less
thar: 20 percent over this entire parameter range.  Thus, the reported interference technigue
does not provide a suitably sensitive technique for monitoring electron concentrations, \lea-
surements and analysis are currently ander way to provide a more complete understanding of
the backeround susceptibility contributions as they are important for all types of nonlinear

optical nreasurements,
' ® S Redy Briueck
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I MATERIALS RESEARCH

A, GaAs SHALLOW-HOMOJUNCTION SOLAR CELLS ON EPITAMIAL Ge GROWN

ON Si SURSTRATES

We have previously reportedi-4 the fabrication of single~crystal GaAs shallow-homojunction
solar cells that have conversion efficiencies exceeding 20" (AM1). These cells employ an
n ‘n/p’ structure prepared bv chemical vapor deposition (CV]) on either GaAs or Ge substrates.
This report describes the fabrication of GaAs shallow-homojunction solar cells, with conversion
efficicncies of 12" {AM1), prepared from GaAs epilayers grown on Ge/si single-crystal sub-
strates. These are the first reported GaAs devices fabricated on Si substrates.,

Our primary motivation for investigating Si as a substrate material has been to lower the
cost and weight of efficient GaAs solar cells. A major reduction in cost would be achieved if
such cells could be produced either on inexpensive Si sheets currently being developed for low-
cost Si cells” or on thin Si films (- 1 pm) being investigated for integrated circuit use.() lowever,
previous attempts to grow GaAs cpilayers directly on Si by (VD have been largelyv unsuccessful
because of difficulties in nucleation,  As previously prnposed, 34 we have overcome these diffi-
culties by coating Si substrates with a thin epitaxial film of (Ge before GaAs deposition. Since
Ge and GaAs have almost the same lattice constant (about 4 percent greater than that of Si), this
procedure also has the advantage of locating the lattice mismateh at the Ge-Si interface, away
from the GaAs laver.

l'he crystalline quality of the GaAs layers depends strongly on the quality of the Ge lavers.
Of scveral preparation techniques that were investigated, vacuum cvaporatmn—l was found to
vield the best Ge lavers, In this technique, a p: Si substrate oriented 27 off (100) towards -,’110}
is maintained at a temperature of 550°C while the Ge is deposited to a thickness of 0.1 to
0.2 um in about 2 ynin. The Ge films have mirror-smooth surfaces and have been shown to be
epitaxial by electron and x-rav diffraction techniques,  ‘T'rangmission electron mi( roscopy { TEN)
of the films revealed microtwins and a dense network of misfit (h%l(u atmnb l~10 (‘m_z) at the
Ge=Si interface.  In the Ge films the dislocation density is ~10 cm ".

Epitaxial GaAs lavers were deposited in anl AsC l5-(::1:‘1\?;-llz_.s;vstumz at (-HO‘(‘;zn th«:}(;c-
coated Siosubstrates. bFach laver consists of n (S, 4 v 10 cem ), poiZn, 1 x40 cm 7)), and
pL (Zn, 8 % 10“‘ vm_s) regions that are respectively 0.15, 2.0, and 4 to 12 pm thick., A
secondarv-clectron micrograph of a cleaved and stained GaAs shallow-homojunction structure
grown on Ge-coated Siis shown in Fig. -1, 'he surface is mirror smooth, altbnugh the GaAs
lavers contain a few cracks parallel to 1110] cleavage planes.  lon channeling measurements
show that these layvers are of excellent crvstal quality.,  Figure -2 is a 2-0ev 4”0' ion chan-
neling spectrum of an 8-ym GaAs lar<r on a Ge-coated Si substrate.  The minimum surface
vield is 4 percent, cqual to the value for epilavers on GaAs substrates., TENM observations
irclicate that there are no microtwins in the GaAs lavers, and that the dislocation density is
about 107 rln"z, two orders of magnitude lower than the density in the Ge films.

I'he fabrication techniques used for the solar cells were similar to those used for GaAs
cells on single-crystal Ge substrates.z The thickness of the n' laver was reduced from its
initial value of 1500 A to about 500 A by alternating anodic oxidation and oxide removal steps.
The last of these steps was an anodization that formed an oxide layer about 850 A thick to serve

. . . . 2
as an antireflection coating. The cell areas ranged from 0.2 to 9.3 mm*~.
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structure grown on a Ge-coated Si substrate. The cleaved and preferentially etehed
sample was tilted 457 to allow both the nupper Gads surface and the cleaved edye to be
seen.
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N CELL NO 5630
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¥ v 076V

O J, 24 ama/cm”

FiLL FACTOR 063
EFFICIENCY (AMI1) 117 percent

Fip. [11-3, Photocurrent 1at AN as a function of voltage
for a Gads cell on Ge-coated si.

Figure [H-3 shows the current-voltage curve obtained under simulated AMA illumination
2
at room temperature for the best 905-mm™ Gads cell on Ge-coated Si. The open-circuit volt-
- o .- . . . 2
\ is 0.7¢ \', the short-civcuit current Jdensity ']\4 is 24,4 mA/cm” (not corrected for
S

e
contact finger arveald, and the fill factor is 0,63, giving a measured efficiency of 11.7"% (AR

Qg

lti compariscn, our best cells on single-crvstal Ge and GaAs substrates have \m' of 0.9t \',
,l\_‘ of 25 maA "cm“), arnd (I factor of 0,32 at AN (Ref. 2).

- he esternal quantues efficieney ot the cell of Fig, -3 is plotted as a function of wavelength
it biga H=4, along with values for one of our best cells on a GaAs substrate. The efficiency
calues for the oot of Pies -3 are the sare at wavelengths up to 0.7 um and only 10 to 20 per-
coent fower at the loncer wacelenpths. The relative decrease at the longer wavelengths indicates
dosnorter eftectioe nanority carricr ditfusion fength in the p r'uuim].s Recombination at dis-
lovations probably contributes to this <horter diffusion length, sincee images of the cell of
Prsaiti-s obtars § by the clectron beam induced current (EBICY teehnique (Fig. 1H1-5) contain

Lirk =pots as b henes that hosoe the same density and morphiology as the dislocations identified

Porrcestioate the o de properties of the junction in the cell of Fig. [1-3, the dependence
Nl st o the cottact finger arcald on \m~ was determined by measuremoents at dif-
Peaent b vons e els ap to about 15 suns, with the cell mounted on a copper blocs main-
tar 2 L Pae hodde tctor and saturation current density were determined to be 1.7 and
B TLovespectinelve these calues indicate that the reductions in \m‘ and fill factor
e e sesalt o creased leakage current at the junction,
oo M- s o scheratie dlagran summarizing the dislocation densities determined by
o the G e G SE Stractures Alistit dislocations gencerated at the Ge-=Si interface res+alt
b oo tsles ations that propagate up througeh the Ge filine, The GaAs-Ge interface acts as
aotrrper tectnesss hislocations o othe magority of which berel oner and become part of o dislocation
el ot gt s s o b et o, e re the mesmatoh is about 001 pereent. The reduced june -
tron paohits o e solar e lia o Ge-cnate 1S sabstrates, whieh s the reason for their lower
e s probvdhil e to e preserce of dislocations at tue gunction, he dislocations mav
arbnanor centers, o renstae the panction leakace current and thus lowering the
Sl e S Nl tactor, This effect rray be compounde 1 by the bending over of dislocs-
Dot s Ute prrotion, e e 1, FIRTC aand PEIAL 1o rngr:\phs. Toprosement o punctior
ot sy Ueeretare e o tiecod by pedncrng the osverall chislocation density in the GGaAs or by

preer ey nalocation s fror benchine paralled to the qunction,
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Fig, 111-5. FBIC micrograph of a section of the cell of FFig. 111-3
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GaAs S‘— ~107 cm?
Fig. 111-6. Schematic of the GaAs/Ge/Si .
cross section summarizing the disloca-

tion densities measured by TENM.
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A sccond characteristic of the GaAs layers is the presence of cracks, which are formed
because the linear thermal expansion coefficient of GaAs is roughly twice that of Si, so that
the lavers are placed under tensile stress by the substrate during cooling from the growth tem-
perature. The most serious effect of the cracks oecurs during the cell fabrication procedure.
The junction will be shunted il p-GaAs exposed by a crack is electroplated with Sn during for-
mation of the upper contact to the n region. This apparently occurred for several cells.  How-
ever, many of the ‘?.3-mmz cells with good photovoltaic properties, including the cell of
Fig. l11-3, had one or more cracks crossing the mesa. Since the best of these cells had values
of \'m‘ as high as those for devices without cracks, the cracks may not have a significant cffect
on \'ov' In addition, FEBIC results indicate that Jsc is not reduced by proximity to a crack.

I'or the GaAs solar cells fabricated on Ge-coated Si substrates, the .IS(‘ values are only
slightly below the values for our best cells on GaAs and Ge substrates. Higher values of Voo
and fill factor will requirce improved junction characteristics, which we expect to achieve by
further development of the technique for epitaxial growth of GaAs on Si.

R. P. Gale M. Davis

B-Y. I'saur G. W, lTurner
Jo Ol ¢y Fan

B, CATHODOLUMNESCENCE ANALYSIS OF POLYCRYSTALLINE Gads

The utilization of polverystalline GaAs for low-cost solar cells is not vet practical because
the grain boundaries (GBs) in this material have adverse effects on device performance.  With
the objective of developing procedures to reduce these effects, we are investigating localized
variations in the optoclectronic properties of polyerystalline GaAs associated with GHBs and the
effect of these variations on the performance of devices fabricated in polverystalline GaAs, In
an earlier stud\'u we demonstrated the effectiveness of infrared electroluminescence imaging
for qualitative characterization of individual GBs in heavily doped GaAs. In this report we de-
scribe the application of cathodoluminesvence (CLL) analvsis to polverystarline GaAs. By col-
lecting the O emitted from a semiconductor specimen excited by the electron beam of a scan-
ning electron microscope (SEM), €1, analysis permits nondestructive evaluation of potential
materials for photovoltaic devices without the necessity for charge-separating junctions or
ohmic contacts. ['hig technique can be used for local measurements of carrier concentration
and diffusion length with spatial resolution of the order of 1 um, as well as for the imaging of
spatial variations in radiative recombination by means of scanning Cl. microscopy (SCM) - The
observation of (iBs in GaAs by SCM has recently been reported by McePherson et a_l.,m but these

workers made no detailed study of the I, properties.




The material examined in this study was heavily Zn-doped (p ~ 10‘9 cm’ 5‘;, HBridgman-
grown polycrystalline GaAs. Interest in this particular material was prompted by its use as
the substrate for 3% (AM1) efficient shallow-homojunction solar cells prepared by chemical
vapor deposition.“

Slices of GaAs were lapped and polished to a thickness of 125 um and sawcd into squares
2.5 mm on a side. Samples containing GBs with various surface morphologies were selected
for SCM analysis. All experiments were performed with the sample at ambicent temperature
in an SIEM capable of supplying accelerating potentials ranging from 0 to 50 k\. The (1. col-
lection is accomplished with an optical microscope whose objective lens is coaxial with the
incident electron beam. SCM imaging is accomplished by replacing the microscope evepicce
with a photomultiplier assembly, while spectral analysis is performed by directing the light
onto a grating spectrometer with a resolution of 4 nm. All SCM and SEM images presented
here were taken with a 30- or 35-keV electron beam at normal incidence. Carricr concentra-
tion determinations were made by spot-mode spectral full-width-at-half-maximum measurc-
ments at 30 kV using the data of (‘usano.“ Diffusion lengths were determined by measuring
the CIL. intensity at 930 nm as a function of accelerating potential from 15 to 50 k\' and curve
fitting these data to a CI. spectral theory recently developed by \'aughan.”

Iigure [I1-7 compares SCM and SEM micrographs of the same sample area and demon-
strates the capability of SCM to reveal defects not visible by surface microscopy of polished
material. We have found that GBs can show three different types of CI. contrast. These are
illustrated in the SCM micrograph of Fig.111-7, where boundary A exhibits dark-line contrast,
boundary B is slightly brighter than the surrounding matrix, and the two boundaries desig-

nated ¢ show essentially no contrast, except for irregularly spaced dark spots that may be

1106699 & 01],

10Oum

Fig. [11=-7.  SCA and SN micrographs of th~ same polyverystalline
GaAs sample.  The GBs designated by A, 1, and O exhibit three
types of C'l, contrast.




precipitates. Note the bright regions running along both sides of boundary A.  MNost, but not
all, of the boundaries appearing as dark lines showed this feature.  The strong dark boundary
to the upper left of ¢ does not appear in the SENM image.  'he network structure at the upper
lett of the SCM micrograph is probably a dislocation network, perhaps associated with a sub-
prain boundary,

Several additional features have been observed by SCM of polverystalline GaAs.  First,
Ghs with similar surface morphologies can have quite different C1. properties.  his is illus-
trated in Pig. U1-%, where boundary A shows dark-line Ol contrast while boundary B shows
little or no contrast, although their SEM images are similar. Second, anomalous bright arcas
appear in many SCM images, such as those labeled O in Fig, (I1-9. 10 this fipure they are
associated with boundaries that show no Cf, contrast. (n addition, it has been observed that the
C1. properties of a boundary can change substantially along its length.  The following results
indicate that these features are associated with variations in impurity concentration.

In Fig. {11-9, the prominent curved boundary displays dark-line contrast, although the 1.
from the adjacent bright region is of such intensity that the dark line is barely visible. Carrier
concentration and diffusion length were measured at point A in the adjacent bright region and
at point B olocated 50 pm further into the prain. At A the carrier concentration is
RN ml“ vm-; and the diffusion length is 1.2 pm, while at B the respective values are
2o« 101” rm_; and 0.6 um.  Phe C1Lintensity vs accelerating potential data used to caleulate
these diffusion lengths are given in ig. 111-10.

fhese results suggest that dopant impurities are depleted from the bright regions border-
ing the GB3 and that these impurities are concentrated at the GBI itself. Carrier concentration
and diffusion length measurements made at other bright features, such as those denoted by ¢
w Figa HI-9, are consistent with this interpretation. Fhere was no measurable variation in
carrier concentration and diffusion length associated with no-contrast boundarvies,

he O oresults indicate that both defect stracture and impurity effects influence the opto-
clectronic propertics of GBS 10 Gads, Geain boundaries that show no C). contrast are believed
to have little misfit between adjoining grains, Consistent with this idea, PENM has shown these
defeets to be {111] twin boundaries with no observable dislocation structure. Figure 111-11 is
a TEA micrograph of a no-contrast boundary, obtained with the boundary parallel to the inci-
dent electron beam. The crvstallographic relationships indicated in the figure are character-
istic of a twin boundary.

Bright boundaries are probably twin boundaries where the impurity concentration in the
adjacent regions has been reduced by segregation to the boundaries,  The GR3s exhibiting dark-
line contrast are probably high-misfit boundaries.  Although nonradiative recombination can
be expected to occur at the misfit defects, this effeet is insufficient to account for the observed
darkening, since the width of the dark lines (tvpically 2 to 3 um) is much greater than the width
of the GHs themselves, Both an increase in impurity concentration and the formation of im-
purity precipitates probably contribute significantly to the reduction in Cl. intensity along these
boundarics,  hese interpretations are summarized in Table 11-1.

Weo believe that a close correlation will be found between the C1, properties of GBs in GaAs
and the effects of the GBs on the properties of photovoltaic devices,  hus, it seems likely that
boundaries showing no C1. contrast are electrically inactive and will not have a significant effect
on device characteristies. Boundaries that appear dark have associated nonradiative recom-

bination centers that can be expected to reduce short-circuit currvent and increase series
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Fig, [l1=-8, SCMN and SEM micrographs of the same GaAs sample.
Boundaries A and B show different C1. contrast but similar sur-
face morphologies.
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Fig, =9, SCNM and SEA composite micrographs of the same (GGads
sample. The €1, contrast results from local variations in impurity
concentration,  Carrier concentration and diffusion length measure-
tments were made at A and 1.
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Fig, ll1-10. CL. intensity vs accelerating
potential measured at location A (near
boundaryl and B (crystal) in fig. 11I-9.
Flach curve is normalized to the inten-
sity at 30 kV.
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Fig. 11i-11, Transmission electron micrograph of a no-contrast GB in GaAs.
The crystallographic orientations identify this as a twin boundary.
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TABLE {H-1
CATHODOLUMINESCENCE 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

reststance.  Such boundaries that cross a device junction can cause a reduction in open-cirvcuit
voltage and fill factor, In addition, impurities concentrated along (iB3s could diffuse into epi-

taxzial layvers grown on heavily doped substrates, affecting device performance by altering band-
gap states at the grain boundary or by changing the doping of the device structure.  These
effects are consistent with the low open-civeuit voltages commonly observed for polyerystalline

GaAs sofar cells. 1. P, Salerno

R. P. Gale
J.CC Fan

C.  TRANSIENT ANNEALING OF ARSENIC-IMPLANTED SILICON USING

A GRAPIHITE STRIP HEATER

in this report we describe the utilization of a simple graphite strip heater for transient
annealing of ion-implantation damage in Si. Good electrical activation of As-implanted Si has
been achieved by annealing fe. only 10 s, with results comparable to those obtained by conven-
tional furnace annealing at 1000°C for 30 min.

A variety of transient annealing techniques have been used previously to induce solid-phase
recrvstallization of ion-implanted Si lavers. Annealing by these techniques, for periods of
only a few milliseconds to a few seconds, is essentially equivalent to conventional furnace an-
nealing. Our objective has been to develop an extremely simple method for transient annealing
that can process large-area samples without using a vacuum setup.

Single-crystal 10- cm p-type 100> Si wafers were implanted at room temperature (R1}
or liquid-pitrogen (l..\'z) temperature in a nonchanneling direction with 120-keV As’ ions to
doses of 5 X 10”, 2« 101%, or t x 101(' vm-l. Amorphous implanted lavers were produced
in atl cases.  Che walers were cut into 1~ < 1-cm samples that were annealed using the graph-
ite strip heater shown schematically in Fig. [1I-12(a). The graphite strip with dimensions of
0.1 v 4 < 7 ¢m was firmly clamped to metal clectrodes, and a chromel-alumel thermocouple

imbedded in the center of the strip was used to monitor the temperature.  The 5i sample was
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placed at the center of the strip with the implanted side facing down. Annealing was performed
in a flowing forming gas (Ar/llz) ambient. The graphite strip was rapidly heated by passing an
A(C 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. Iigure 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°C /s, Maximum temperatures ranging from 700 to 1200°C were
used. To provide a comparison with the results of conventional furnace annealing, several
implanted samples were annealed in a tube furnace at 1000°C for 30 min.

Crystallization of the implanted layers was accomplished by strip-heater annealing at
maximum temperatures as low as 700°C. Backscattering experiments with 2-MeV 4]!0* ions
were performed both at random incidence and with the samples aligned for (100> channeling.
Figure [{{-13 shows random and aligned spectra for as-implanted, strip-heater-annealed, and
furnace-annealed samples imptanted at LNZ temperature with an As dose of 2 ¥ 1015 cm-z.

I'he data for backscattering from Si atoms (energies less than 1.2 MeV) indicate that recrystal-
lization of the amorphous layers was complete in both annealed samples, resulting in a mini-
mum channeling vield of 3.8 percent. The channeling yield from As atoms (energies above

1.4 MeV) is also very low for these samples, indicating that over 98 percent of these atoms
were present in substitutional sites. IFor the as-implanted sample, the peak concentration of

20 vmd. as predicted from 1.SS

As atoms determined from the backscattering data is 2 x 10
range :=;r.atistivs.14 Fhe data for the strip-heater-annealed sample do not reveal any change in
the distribution of As atoms, but pronounced redistribution occurred for the furnace~annealed
sample. The marked difference, which has been confirmed by SIMS 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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Channeling measurements on samples implanted with a dose of 1 % 101(' ('m-z showed that
only about 84 percent of the As atoms occupied substantial sites after strip-heater annealing
at 1000°C for 10 s. T'’he percentage of substitutional atoms was reduced because the peak con-
centration for this dose, ~1 X 10“ cm-j, exceeds the equilibrium solubility of As in Si at
1000 (', ~3 < 1020 \-m-s (Ref. 15), In a furnace-annealed sample, over 94 percent of the im-
planted atoms were found to be substitutional.  The increase in substitutional percentage com-
pared to strip-heater-annealed samples can be attributed to the diffusion that took place during
turnac e annecaling, which reduced the fraction of As atoms that were present at concentrations
eaceedinge the solubility,

Uhe results of sheet-resistance measurements on all the anncaled samples are shown in
14 or 2 % 1015 ('m-Z, with

peow teastee annealime temperature the sheet resistance decreases gradually to values approxi-

Fag.fl-14.  For strp-heater-annealed samples implanted with 5 X 10

. . 16 -2 .
coatitg those ot firrace-annealed samples, For a dose of 1 X 10 em 7, the sheet resistance
Cal o= tor stmp-neater-annealed samples are higher than those for furnace-annealed samples,
be o aome o the lower percentage of substitutional As in the former.  Strip-heater annealing at

f1uc a0 1200 ¢ results i a lecrease in sheet resistance, which can be explained by an increase

R destitihioral percentage due to As diffusion. T'he lowest sheet resistance achieved is
~ et s esirenients have confirmed the effectiveness of strip-heater annealing.
[ TR ln1 ! or 2 1l)“ . m_l‘ the sheet carrier eoncentrations and average mobili-
' Cooc e 1o stnp-heater-anneate 4 samples were penerally close to those for furnace-
v saphe s Lo tose of 1 H)h \ m-l, the strip-heater-annealed samples have
tiobees s calies than Dirnace-annealed samples, consistent with the results of ig. 111-14.
cooce M-t snow s the torwanrd 1-V characteristios of a typical unpassivated mesa diode
-1 v et seeate s sanceaded saanple. The sample had been implanted at RT with
o C v annealet at 400 ¢ for 10 5. The diode is 560 um in diameter and has a
oot et S e e haneter. The forward characteristics are typical of near-
[T R oot oo Lo oce e fone orders of magnitude the characteristics can be fitted to

Coe e speans okl ] wath o - 11, indicative of current flow dominated by

T v MU doe torwoar flaas, the Characteristios can be fitted to the same expression with
N Cieowteeron e s onststent with current generation in the space charge region, but it
vboar e s to s teoe Jeakape, since the dindes are unpassivated. Bevond 1074 A the
P bt - tronn the o 1.1 Line due to excess diode resistance. The reverse current

oot e o or 10 Nt 1oy andd the breakdown voltage exceeds 150 V.

Cte aran ternization resalts show that transient annealing with a simple graphite strip
eoater e b e solbt-phase epitasial recrevstallization of As-implanted amorphous Si lavers.
At 0 the tre e gt nasia: temperatire was set at 10 s in the present experiments, cven
st Ues shond b he eaftnoient. Complete activation of the implanted As, with negligible

et ttor has been achiieced for concentrations below the equilibrium solubility limit.
it craprtate stop heater can o castly be scaled up for processing full-size wafers.  The low

costoot the cperireental setup compared to laser or e-beam annealing equipment makes the

i

Strip-te b

poats caltr e techgae attractive for semiconductor processing,

11-Y. TI'saur JoC.CL Tan
. P bonnelly M. W. Geis
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D, SINGEE-CRYSTAL S TIEMS ON SiQ, PREPARED BY USING A STATIONARY
GRAPHITE HEATER FOR {ATERAL EPICANY Y SEC0t00 SOLHHPTCATION
Composite structures consssting of single-crystal Si filins on insulators are of great in-

terest for device applicatiors.  In recent experiments we prepared continuous single-crystal

Siofilms on 81O, and Si‘)\

cmy 1017 N

(1.+:58).

luring 1.ESS processing.  In this report we describe the preparation of single-~crystal Si films

3 Uy the technique of lateral epitaxy by seeded solidification

Phooe experiments emploved two graphite heaters, one of which was moved

o0i SiO, by a new version of the [LESS technique, which uses a single stationary graphite heater

for tralnsivnt heating.,  These films are comparable in cryvstal quality to those obtained by the
two-heater procedure.

In the LESS technique, a single-crvstal Siosubstrate is overcoated with an insulating layer,
narrow stripes are opened to expose the substrate, and a thin film of amorphous or polycrys-
talline Si is deposited over the entire surface.  The Sifilm is melted and frozen in such a
mannetr that solidification initially occurs within cach stripe opening, where it is sceded by the
Si substrate, and then proceeds laterally over the adjacent insulating layer.
fn our initial LESS e.\'pvr’imvnts,1 6,17 the sample was placed face up on a stationary graphite
strip-heater that was heated to about 1300°C. A movable graphite strip~heater, which was i
positioned about 2 mm above the sample, was raised to a temperature sufficient to melt a nar-
row zone of the Si film. [.ateral epitaxy was accoruplished by moving the upper heater at about
0.5 em/s, causing the molten zone to move at the same rate.  lHowever, some observations
made during these experiments indicated that lateral epitaxy could be achieved by transient
heating even without moving the upper heater.

In the present investigation, {100) Si wafers 5 ¢m in diameter were masked with an SiO‘3
film 0.2 pm thick formed by thermal oxidation. Stripes 3.5 um wide and spaced 50 um apart
were opened in the Si()2 film by standard photolithographic techniques. An amorphous Si film
0.6 to 0.7 um thick was deposited in a chemical vapor deposition (CVD) reactor and capped with
a Ccvh Si()2 layer about 2 pm thick. The resulting structure is shown schematically at the
lower left of Fig. 111-16. Finally, rectangular samples with dimensions about 1 ¥ 2 c¢m were
cut from each wafer.

The upper part of Fig. [{1-16 shows the heater configuration used for 1.ESS processing, which
was performed in a flowing Ar ambient. The sample was placed on a graphite sheet with the
Si film facing down. The graphite sheet was placed on a woven graphite cloth that was clamped
between two electrodes.  The low thermal mass of the graphite cloth allows rapid heating and
cooling, and use of the graphite sheet greatly reduces the temperature variation across the
sample. A tvpical time-temperature profile uscd for 1.IIS8 processing is shown at the lower
right of Fig. [1I1-16. Stepped heating and cooling were used to prevent the formation of slip
planes.  With the time-temperature profiles used, any melting of the Si substrate was re-
stricted to a thin surface laver.

{n areas of the samples where stripes had been opened in the S0, laver, 1.1I8S processing
vielded comnuous single-crystal Si films, In areas far from the openings, the films were
polverystalline, consisting of randomly oriented grains several hundred micrometers across.
I'he characterization results indicate that solidification of the single-cryvstal films generally

tonk place in the same manner as in the two-heater 1.1SS experiments when the upper strip-

heater was moved parallel to the long axis of the stripe-openings.  In those experiments,

seeded growth began within each opening and continued Interally over the insulating laver on
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Fig. [11-16,  sSchematic diagram showing the configuration nsed for the one-heater
LESS technigque. A cross-sectional diagram of a tvpical sample before 1.ESS pro-
cessing is shown in expanded fornc on the lower left. On the lower right is a time-
temperature profile used for processing.

both sides of the opening until the growth fronts met the fronts originating from the two adjacent
openings.

Ihe St films obtained were quite smooth, except for some surface features formed at the
intersections of the growth {ronts from adjacent openings. Such features are shown in
Fig. [I-17¢a), which is an optical micrograph of an as-solidified film taken after removal of
the Si()2 cap.  Uhe linear features were found by EM to be formed by dislocations, probably
caused by a slight misorientation of the adjacent frouts. The circular features arve dislocation
clusters.  In some arcas, even delineation cetehing did not reveal intersections between adjacent
fronts. In these areas, solidification of the film between adjacent openings prebably took place
by the motion of a single {ront that originated within one opening and mov ed to the other opening.

Optical micrographs of the Si films taken after eteh delineation show the presence of a few
microtwins that originate within the stripe openings and propagate along (110 directions over
the Si“l laver, in some cases extending to the intersections between adjacent growth fronts,
hese twins, which are shown by I'EA observations to be bordered by (111 planes, arc less
than 0.5 um wide and spaced a few hundred micrometers apart along the stripe openings.

As shown in Fig, =17y, the depressions in the Si filn surface located over the strine
openings were retained during melting and solidification.  This is also dentonstrated by
Figo IH=-1T7ihy, an SEAD micrograph of a cleaved cross section of the sanple of Figo =17
that had been etched with H1 in order to delineate the Si().’_ mask. It is apparent that the mask
retained its integrity during 1.ISS processing.  About half the 2~pm-thick S1O, cap remanned
after the HE eteh. The St film is about 0.6 pm thick, Other SEM micrographis show that the
surface of the Si film outside the stripe openings is smooth excupt at the intersections between
the growth fronts, where there are ridges a few hundred angstroms high,

he quality of the Sifilms was confirmed by measurements of the Rutherfor] backhsoatter-
ing of 2-27\e\ ‘;Ht“ ions.  The diameter of the ion beam was about 1 mm, <o that e b voeasuare-

ment characterizes a region of the filmm produced by growth originating within aboat 20 wtripe
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openings,  Pigure H1-18 shows the results of such a measurciment made on the film of
tig. II-17 in an arca where intersections between the {ronts were observed.  The open and
closed circles show the spectra obtained when the beam was incident in a random crystallo-
graphic direction and in the <100 channeling dircetion, respectively.  The mininmum chan-

neling vield at the surface 1\ ) is about ¢ percent, not much higher than the value of 4 per-

min
cent obtained for bulk single-crvstal Si(also shown in Fig. [1I-18) and comparable to values
measured for samples preparved by the two-heater 1,1HSS t.cclmiquc.17 The channeling vield
inereases to about 10 percent at the Si-Si0, interface.  I'he dip in the random spectrum near

0.75 MeV is due to the presence of the SiQ, mask, which has a lower Si concentration than

2
clemental Si.

Figure HI-18 also shows the channeling spectrum for the 0.6 -pm-thick Si film of a com-
merceial Si-on-xapphire (SOS) sample. While \min is only about 8 percent, the channeling vield
inereases to over 50 percent at the Si-sapphirve interface, much larger than that at the Si—Si()Z
interface in the 1LESS sample. This indicates that the crystal quality is much better at the
Si-Si0, interface than at the Si-sapphire interface.

lniﬂ number of preliminary experiments where the stripe openings were 250 um apart,
continuous single-crystal Sifilms were obtained, showing that lateral growth of at least 125 ym
over Si()z can be achieved by the single-heater 1.12SS technique.  In fact, single-crystal over-
growth has been observed in some arcas for distances up to 250 pm beyond the stripe openings,
By optimizing the process parameters, including the temperature gradient in the plane of the
sample and the rates of heating and cooling, it should be possible to significantly extend the
distance of single-crystal growth. 1.C.Cl Fan
B-Y, Tsaur
VLWL Geis
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IV. MICROFKLECTRONICS

A. CHARGE-COUPLED DEVICES: IMAGERS '

Satellite surveillance at the GEODSS (Ground-Basced Electro-Optical Decep Space
Surveillance) sites 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 sensitive detection possible at
night. Nevertheless, it appears that brighter, low-altitude satellites can be deteeted by cur-
rent CCD sensors, and, in fact, these satellites are often difficult to observe at night because
of occultation by the ecarth, In this report we describe evaluation of a technique called "charge
skimming" which could be used to increase the sensitivity of a CCD sensor for the high-
background imaging characteristic of daytime sky surveillance,

I'or a high-background, low-contrast imaging situation, the signal-to-noise ratio (SNR) at
the output of a CCD will be NS/ m o~ Ns/ \/N—, where NS and NB are the number of
photoelectrons per charge packet due to signal and sky background, respectively. This assumes
that photon noise dominates the noise sources in the CCID, an assumption that is casily satisficed
in practice, Because the daytime sky background is so large, a typical CCD would saturate on
telescopes of about 45-in, diameter. One could attenuate the optical signal with neutral-density
filters, but this would reduce the SNR by the square root of the attenuation. Thus, the challenge
in using CCDs without sacrificing SNR is to increase the exposure level at which the devices sat-
urate. This could be accomplished by increasing the charge capacity of the CCD pixels, or by
decercasing the integration time (increasing the output data rate) while performing compensatory
integration off-chip.

However, 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 resulting from the background is subtracted from the charge packet, and
the small remaining portion containing the signal information is retained, Kosonocky and Sau(‘rl
have demonstrated this technique in a closed-loop COD structure where it was used to remove
dark currcnt from the signal. We have studied this technique experimentally using the final
stage in the output register of a two-phase CCD imager. PFigure IV-1 describes the final trans-
fer stage and illustrates the dynamics of charge flow involved in the skimming process. A
charge packet under the d)l storage well (the rightmost of the two ¢, gates) is transferred on the
falling edge of the B clock to the ¢, storage well,  In normal operations the output gate would
be biased to a DC potential lower than suggested by Fig, IV-1, so that all of the charge received
by P would be retained until a half clock period later, When the é, potential drops, the entire
charge packet would be transferred to the output diode.

In Fig. [V-1, howcver, the output gate is shown biased to a level that permits a portion of
the charge, (‘)S[\" to be skimmed off and transferred to the output diode. The residual charge
C‘)R is left in the &5 storage well and is subscquently transferred to the output diode on the fall-
ing edge of the N clock., In this experiment, QI{ represents a portion of the sky-background
generated charge which we wish to discard, while the skimmed charge, Q’SI\" may contain a

signal and is saved.

PRECEDING PAGE BLANK=NOT F1LMED
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This technique is useful when the very wide dynamic range signals of CCDs are to be
processed by amplificrs and A/D converters of limited dynamic range. In addition, this struc-
ture (with modifications) could be incorporated into an imagcer pixel or column of pixels where
it could be used to suppress the charge buildup from the background,

The charge-skimming process described in 1Mig, 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 clectrons and measured the skimmed and residual charge as a function of output i
gate bias., These data, taken at a clock rate of 200 kliz, are plotted in Fig, IV-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 ¢, storage well:
C=(1/p dQR/dVOG = — (/) dQS[\./dVOG

where 3= 0.9 is a factor representing the modulation of the electron potential in the channel by
the output gatvz and VOG is the output gate bias, The values of ¢ range from 27 fiI- at 5,9 V to
18 fI- at 9 V, reflecting the changing depth of the charge centroid in the buried channel,

In the second experiment we simulated a low-contrast imaging situation by 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 packets as a function of output gate bias is
plotted in IMig, IV-3, and, as expcected, the signal is entirely skimmed off shortly after the onsct
of skimming. The oscilloscope photographs of Fig, V-4 show the CCD output for the skimmed
(upper trace in cach photograph) and residual charge (lower trace) below and just above the
skimming threshold.  Figure IV-Ha), taken at a gate bias of 5.53 V, shows no signal in the
skimmed charge, while the residual charge consists of the 3,700-elcctron signal riding ou the
400,000-clectron background (signals are negative-going in these photos),  The photon noise of
530 clectrons rms is evident in the lower trace, At 5,98 V [Fig, IV-4(}, both the signal and
the photon noise have been skimmed off, jcaving behind a residual charge of 360,000 clectrons
(from Fig. V-3, However., the residual charge also has a =small noise component which s
expected to be vm'(,}R = ykTC, \\'Zhrmv C is the storage-well capacitance previously mentioned
and v is a factor close to unityv.™ The mceasured noise of 55 to 30 clectrons agrees with theory
for y = 1.1,

An important detail of these experiments is that the rise and fall times of the ¢y and 0, clocks
were set to about 700 ns,  When the rise and fall times were reduced to their normal values of
30 ns, the data of Fig. IV-3 showed a more gradual skimming extending over about 0,75 V, This
suggests that the fast CCD clock transients arce causing modulation of the substrate and output
gate potentials, and are therefore preventing the output gate from cleanly "slicing" the charge
packet in two.  This effect places a limit on the maximum amount of skimming that can be done
without attenuating signals that are not much larger than the photon noise, Most imager appli-
cations require high video data rates which preclude clock waveforms with slow risc and fall
times,  Therefore, the offectiveness of the skimming technique will depend on carcful device

design to minimize clock coupling to the skimming gate,

B. . Burke
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B, ONIDE BARRIERS TO FORMATION OF REFRACTORY SILICIDES

In this report we discuss attempts to form refractory silicides using an alternating metal-
lization technique. Results for WSi,, I\]nSiZ, and TaSi, indicate a different interdiffusion mech-
anism associated with the formation of \\'Siz than with the formation of Mo.':.i2 or ’l‘a.qi2 if gas
phase impuritics (probably oxvgen) are incorporated in the deposited refractory film. These
results are applicable to the fabrication of silicon device structures which use refractory metals
on .\‘i()2 and silicon, such as the permeable base transistor.

Although doped polvsilicon has been successfully utilized as a gate and interconneet metal-
lization, the minimum obtainable sheet resistivity of 20 /0 for polysilicon is not adcquate for
many applications., To address this problem several refractory metal silic:idcs3 have come
under studyv.  These materials offer the potential for sheet resistivities an order of magnitude
less than doped potvsilicon while retaining the same capability for lithographic processing,
ctehing, and thermal self-passivation as polysilicon, WSiZ, MoSiZ, and 'I‘a.*‘.i2 have been iden-
tifivd'l as materials of particular interest because of high temperature stability, case of for-
mation, low bulk resistivity, and relative resistance to wet HE ctchants,  These films have
been formed in a controlled fashion by clectron-beam co-«-vaporation’5 of metal and silicon and
by co-sputtering from targets of the two mvtals.b In this work, an altcrnating layer deposition
technique 7 developed for PtSi has been atilized for forming refractory silicides,

Substrates were prepared by depositing 600 A of low-pressure chemical-vapor-deposited
(LICVD) .\'iy\'4 and 3000 A of phosphorus-doped 1.PCVD polysilicon onto silicon wafers with
5000 A of thermal oxide. By using a multi-hearth electron-beam cvaporator, four alternating
pairs of nominally 200-A-thick films of tungsten and 525-A-thick films of silicon werc deposited
to form composites w l;lo.\'t‘ (‘()111p(?sitior1 was equivalent to stoichiometric \\‘Siz. Similar four-
pair depositions (200 A Mo/525 A Siand 200 A Ta/460 A Si) were performed for stoichiomcetric

Mosi, and Tasi,. The films were reacted and homogenized in a high-purity H, ambient at 950°C

2
for 30 min,

Four-point probe measurcments showed <heet resistivities of =5.4 /0 for W Sil‘ ~12.2 QO
for Mn.\'ib,‘ and 2,8 QT tor Tast,.  N-rvay difivaction and Auger analvsis confirmed that a mix-
ing reaction had taken place tor both the .\lo‘\‘i‘3 and TaSi, films, but a distinet laver structure
wis retained tor the W-Si composite structure despite the low shect resistivity for these films.
Although isolated rogions of \\'Siz approximatcly 100 pm in size were observed, no uniform tung-
sten silicide films were formed until samples were annealed at temperatures greater than 1000°C,

To study the W=-Si reaction further, silicon substrates were preparcd with 20 A of thermal
oxide followed by 300 A of electron-h am-cvaporated wungsten and #00 A of electron-heam-
cvaporated silicon deposited without breaking vacuum.  Auger sputtering analvsis of these sam-
ple s (1 ig. IV=5) shows the distinet silicon substrate laver, the thin oxide, and the deposited
silicon and tungsten lavers,  Since tungsten does not readilv form a native oxide at low temper-
atures, the oxvgen peak at the evaporated tungsten/cvaporated silicon interface is somewhat
surpri-ing. However, this peak mayv be related to outgassing of the silicon source prior to sili-
con depasition as the vacuum integrity degrades during this process to approximately 107° Torr
from a base pressure of 2« 1077 Torr,

After the above Auge r analvsis was completed, the substrates were annealed in a high-
purits ”: ambicnt for 30 min, at 1000 € and a second Auger analvsis was performed, the re-

sulte ol which ave shown in Fig, IV-6, This analvsis shows that no mixing has taken place, and
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the oxvgen peak at the «vaporated tungsten/cvaporated silicon inte rfaco appears Yo have 1 re el
as shown in g  IV-7, which is an enlargement of the oxvgen curve of Fig, [\~ Inoadditnoe,

the lovel of oxvgen in the tungsten film appears to have decreased, Although the chomacad na-
ture of the oxvgen between the deposited tungsten and silicon films cannot be pre cise by dety -
mined, it is sufficicnt to prevent silicide formation at 1000°C, about 350" C highe 1+ than the o =

action temperature tor the uninhibited tormation of WSiZ.
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F'ig. [V-7. Comparison of expanded oxygen peaks from Figs, 1V-5 and <0 betweoen
clectron-beam-deposited Si and W before and after i1 anncal. The ovvgen peak
has increased after anneal, indicating the diffusion of Hxygen from the bulk of the
film to the W-Si interface.

A posxible explanation for the results of these Auger analvses is that the tungsten film con-
tains some level of oxvgen due to the gettering of residual oxvgen in the vacuum.  In addition,
the outgassing of the silicon source mentioned above mav ¢nhance the level of oxvgen at the |
cvaporated W -Siinterface.  When the composite laver is anncaled at high temperatures in a H,
ambient, the oxvgen diffuses readily out of the bulk of the film to the interface probably f(!l‘h\il:g
.\‘i()z, an oxide which is more stable than \\'03. The resulting thin Si()z film has sufficient in-
tegrity to prevent silicon diffusion into the tungsten, thereby preventing \\'Siz formation.

In conclusion, the chemistry of vacuum-deposited tungsten films allows for the formation
of an isolating laver of oxide if a silicon film is deposited over the tungsten laver.  This oxide
laver prevents the formation of \\'Siz at temperatures up to 10007 C,  This mechanisni does not

occur for alternating Mo-8i or Ta-Si depositions.  This unique property of tungsten makes it

inherently useful for buried-metal films in silicon devices,

D.J. Silversmith
D, D. Rathman
R. W. Mountain




Co PATTERN REGISTRATION USING THE SCANNING FLECTRON BEAM

PITHOGRACHY SYSTTEA

Vhe <canning «leetron beam lithography sy=tem (SIBIL) at Lincoln Laboratory has boen
apolicd to a vartety of high-resolution writing tasks, including fabrication of diffractive opti(-.~8
and «hoctronte devies \.u Howavver, we have not previously fullv developed and exploited the
hiph=accuraey pattern roessteration capabilities of the SEBLL This report disca-ses the appli-
cation of the ~t 11 to tnph-resolution alignments, and deseribes the alignment of P de vies
patterns with ~ubnoacrometer featare Sizes, FMxperimental results are presented,

The experitzen' s in pattern registration utilized an ETEC LEBES-D SEBL. This is a vec-
tor scan machine with o t=rm e ld ~ize, ‘The sample is mo 'nted on a servo-controlled, x-v
translation ~tage o bl taps b~ usod to step a pattern across the sample and to stiteh top the
patterns winceh oxeeod the Do ld iz of the machine,  The motion of the scrvo stagc and the do -
flection of the ol ctron oo are controlied in real time by a dedicated minicomputer,  The
minicompute ;- provide - oottt en o pone ration capabilitic 5, data storage facilitice =, and a convenir nt
cporator ante rtaco, Phe PR i- cquipped with a sccondary cle ctron detector which mav bhe used

to imagre the saepb o o conve ntional canning «lectron microscope (S EX,

In principle, alivar oot to an exi-ting patters laver i= quite <imiple using the SERTLC The
operator, while veowine the =2 o of the sanpleo s Tocute - two or more alignne nt muarks.
Ba-cd upon the focation of the <o mark =0 the nondcon:putor caloulate = the appropriate x-oft-t,
v-oft-et, and rotation to be applicd when the new patte v i areitten, <ince the alignme nt minr ks
can be proathy wagniticd incthe =P\ imape of the ~ample, high-re solution alipnme nt ~<hould b
e adily acbieved,

How: ver, the alienne at procodure i comiplicatod by wove ral practical conswde rations,  The
hivhe «t qecuaracy alignment will reguire snudl alipnmeent macks locatod close to the pattern
arcas ~uch mareks ave difficult to <o at fow magnification, and at high magnification the ficld
of view s o duced to the point that svarching for the marks s vequired, Since the SERT will
expos the resist in the arca of ob-c rvatior whe it asod to imapee the sample, indiscriminat
hunting for the alignine nt marks mav rosalt inanwanted o xposare in the pattarn arcas. Lburthor-
more, the alignme nt mack- the niscdves mavy be dan aged as aoresalt of cxposure of the rosist
and subcque it proce sing st pey

Phe oo hitficultie < can b avoirded by asing o multiste p alignment procedurc, The initial
-tepsinvolve coar-o repistration to larpe alignment marks viewoed with low magnification.

The ~ alignniont mark- must be woll removed trom the eritical pattern arcas to avoid unwanted
incide ntal cxpo-ure, burther safo puards ave provided by uszing the computer to coordinate stage
moton and oo seanning. Onee the coarsc alignmont has been accomplished, 10 1s casy to find
atied trge o0 Set o ol slygnment marks ot bagh magnifications which provides the high-

vosolution aligmoent, b he Tie-shionment stepomay be repeated at various areas on the sample

to compensate for wate v distortion and clectron-heam drift,

Pripure 1V =s albusteates the nvont of o Ga A substreate which has been used to test the alipn-
oent capabnhities of the =0T The —ample s divided into 50 fiolds, ecach 1 21 mm, Two fields
i the npper et corner and one feld o the lower might corner contain alignment crosses, The
rereaiting fields ench contin four sabracerorcter-pate FET device patterns, These devices are
designed to have a Z-pm sourcc =deain spacing and a 05%-pm gate lengthe An optical micrograph

of one such deviee pattern is shown in g, [Veo,
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The first lithographic step in the fabrication of the FET invoives using the SEBIL. to pattern

the source and drain ohmic areas and the alipnment marks. These are the bright areas in

Fig. IV-9, The Au-Ge metallization of the ohmic layer provides high-contrast alignment marks
for use in the later steps. The alignment procedure begins when the sample is loaded iuto the
SERBL and the upper left corner of the sample is imaged and located. The distance between the
sample corner and the first pattern field was accurately established when the first pattern layer
was written in the SERBIL.  Thus, finding the corner provides a convenient method for achieving
the initial coarse alignment. In the next step, an alignment cross in field 1 is located. The
computer generates a scan and a cursor, and the operator centers the cursor on the alignment
cross by moving the scan field and the stage. The coordinates are then locked into the computer.
These coordinates are used to determine the x-offset and y-offset of the sample. The accuracy
of this measurement depends upon the electron-beam-probe size, the quality of the alignment
mark, and the signal-to-noise ratio of the image. An accuracy of £0.3 pm is not difficult to ob-
tain. A second alignment mark, also located in field 1, is used to determine the rotation. A
third alignment mark, located in field 50, is used to refine the computation of the rotation. The
alignment marks in field 2 are used as spares in case some of the other marks are damaged
during the imaging. Iield 2 also provides a readily apparent asvmmetry to the sample, which
simplifies orientation for loading.

The alignment procedure described above has been used to demonstrate £1-um alignment
across a 5~ X 10-mm sample.  This is sufficient overlay accuracy for most of the pattern lavers
for the 1T, The alignment of the 0.5-um gates to the 2.0-pm source-drain opening will re-
quire maintaining a registration accuracy of £0.3 um. This will require aligning at cach 1 -mm
ficld, Figure IV-9 illustrates a gate alignment. The bright areas are the Au-Ge from the first
pattern layer. The gate pad, which is written in resist, appears as the light-gray structure in
the micrograph, Notice the exposced resist over the alignment mark in lower right corner.  The
second mark which was used to align to this field is not visible in the micrograph. In Fig. IV-10
the upper left arca of the device is illustrated at higher magnification. The 0,5-um gate can be
seen to be aligned to the source and drain vegions,

The alignment procedures described in this report offer some exciting possibilitic s for
device research at lincoln Laboratory., (urrent efforts toward the fabrication of a
submicrometer-gate FIT contor around developing processing and lithography., Work iv alze
under wav to improve and fully automate the alignment procedure,

T. Lyszcezarz

G. Lincoln
. Smith
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SUBMICRON GATE ALIGNMENT

Photomicrograph of a submicrometer-gate T showing

the alignment of the gate to the source and drain ohmic regions,
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Ve ANALOG DENVICE TECHNOLOGY

A, ANALOG MXNOSs AEMORY: SPEED AND ENDURANCE CAPABILITIES

AND CORRELATOR PERFORMANCHE

In previous rcpm'ts,l theory and experiments related to the nonvolatile storage of analog
signal levels in MNOS capacitors were presented. A recent report‘2 described initial evaluation
of the storage of sampled analog wavetforms in MNOS/CCD structures.,  [n the present contribu-
tion, recent tests exploring the capabilities of the existing MNOS/CCD device are presented,
with emphasis on input/output speed, stored wavetform retention, and endurance to erase/write
cveling.  Inaddition, the ability of the same device to perform binary/analog memory correla-
tion is described.

With some changes made to lower the input capacitance of the off-chip output buffering cir-
cuit, the 3Z-sample memory operates well at 500-ki{z input and output sample rates. Figure V-t
shows an entire output cvele (10 ps/div) and a superimposed expanded view of several samples
(1 us/divy,  Althongh the serial transfer inefficiency of the CCD itself is in the low 10_4 range
at this speed, charge transfer through the long wells at the input circuit begins to contribute to

sampling errors. In addition, the slew rate of the output circuit is being approached.

IRNU AL I A

Figs V-1, Readout of stored
analog waveform at 500 kilz.
Upper trace: entire train of
32 output samples, 10 ps/div.
lLower trace: expanded view
of several ontput sample pe-
riods, 1 ps ‘div.

The relationship between the munber of erase/write 11/W) eveles a device has undergone
and its charge retention is under investication.  Devices which have undergone more than
10 1/W cveles are capable of storing analog sign: Is for a week with less than 50-percent at-
tennation, althouwrh the fixed=-pattern noise has increased relative to the uneycled value, De-
vices have been eveled more than 10° times but, pending further investigation, the conservative
!r\(' fieure scems advisable, For many applications, an endurance of only 103 cycles is ample.

Investigation of fixed-pattern noise reveals that it is caused by threshold-voltage variations
it hoth the thin (- 30 A .\'1()&) diclectric of the memory gates and the thick (700 A Si(k) dielectyic
of the transter gates. The former variation js somewhat greater than the latter (factors of 2 or
Iess) and s introduced by the tunneling process,  The variations in memory threshold are truly
fxed-pattern nose, however, n the sense that repeated writing under the same conditions pro-
dhces the samoe variations. This is seen by comparing Figs, V-2(Q) and th), Fignre V=2(¢) ix
but with the memory gate level raised and

the ontpat obtaned ander the same circumstances
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the transfer gate level lowered during reading so that the latter's threshold determines the size
ol the output signal packets.  Although the average slope of the noise in (b) and (¢) is similar,
there is no correlation of the sample-to-sample fluctuations and the rms deviation of the latter
is somewhat less than that of the former,

Reset and source=tollower MOSEETs connected to the parallel-holding-well electrode per-
mit the operation of the device as a binary/analog memory correlator. The binary reference
is stored in the memory sites, ecach of which either allows or blocks passage of the subsequently
input analog signal to the parallel holding wells.  The holding-well gate is used as a floating gate
sensor to measure the sum of the transferred charge. The analog signal packets are then trans-
ferred back to the scrial CCD channel, advanced one serial cell, and the correlation process is
repeated.

Figure V-3 demonstrates the performance of this device in correlating a 15-bit M-sequence
with itself. The first trace [Fig, V=3(a)] shows the output of the stored reference after three
days of storage. ‘The first two samples are unused sites which are kept closed (blocking paral-
lel charge transter).  The remaining 30 sites contain the NM-sequence, with the sequence 01 rep-
resenting a (1) weight and the sequence 10 representing a (9 weight. The maximum amplitude
(analog) input signal is seen at the top of Fig. V-3(b). This is a #1-V-amplitude 15-bit repeating
AM-sequence with zero levels between bits.  The output of the correlator is seen at the hottom of
this photograph. Figure V-3(c) shows an input which has been attenuated by more than 40 dB
and the corresponding output. Figure V-3(d) shows the input and output in the middle of this
linear dyvnamic range. PFigure V-3(e) was taken under the same conditions as (d) but with the
input buried in a 10-kHz triangular wave. The suppression of this triangular interference is
evident, These correlation waveforms were taken with a clock frequency of 12.5 kHz., With
minor design changes, much higher frequencies could be reached.

In summary, the operating characteristics of the first-generation device (I'TAN<~A) are
shown in Table V-1, The next generation analog memory has been designed and is now in the
process of mask layout. Design characteristics of this device (LLTAM-B) are shown in Table \'-2.

R. 8. Withers
R. W. Ralston

B, 2- TO 20-GHz-BANDWIDTIH SUPERCONDUCTING MATCHED FILTHER:
DESIGN ANATLYSIS

1. The Filter Concept

Microwave integrated cirveuit design, planar microfabrication technology, and superconduct-
ing metals are being combined in an effort to make very wideband analog signal=processing cir-
cnits. Filters matcehed to complex radar or communication signals such as lineav-frequency -
modulated (1.} chirps or pseudonoise sequences appear feasible with time-bandwidth (TW)
products of over 1000 and with bandwidths of 2 to 20 GHz,  These filters will be synthesized
using tapped delay lines with a waveguiding structure.  Very long delay lines (1 to 50 m) having
delavs up to 0,50 us would fit on a small diclectric substrate (25 vmz). The waveguiding struc-
ture must be very narrow (5 to 100 pm) to vield the long lengths.  Resistive losses of normal
metals in sneh narrow lines are prohibitive and thus a superconducting metal is required. Nio=
binm (transition temperature 'l‘(‘ = 9.2 K) is preferred because it is very durable and has low

loss at lignid=helinm temperature (L2 K)o The technology for depositing and patterning it to
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Fig. V=30 (ad Readoat of the stapred binaey reference after 3 davs
of =torage in the VINOSCCDL The 1h-hit \-sequence is encoded
differentiallye 2 Vodive o) Upper teace . anpnt signal, a repeat-
ing M=sequence with sero levels between the bitse 1V dive Tower
trace: correlation outpat, 500 mV 'div. () Upper teace: input sig-
nal, 10 m\V /div, LLower trace correlation output, 10 m\V "div,
(d) Upper trace: inpnt, 100 m\V div. lower irace: corielation out-
prt, 50 mV/dive () Upper trace: same input as (d), with added in-
terference signal. 100 mV/div, lLower trace: correlation output,
50 mV “div.
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LTAM-A MNOS/CCD ANALOG MEMORY
TYPICAL OPERATING PARAMETERS

TABLE V-1

Reset Pulse Voltage
Reset Pulse Length
Write Pulse Voltage
Write Pulse Length
CCD Clock Frequency

Charge Transfer Inefficiency

Endurance

Dynomic Range

=35V
10 ms
25V
200 us
1 to 500 kHz

1.1 X IO-4 (14° fat zero, 125 kHz)

>]06 erase/write cycles

33 dB after 100 h

TABLE V=2

MNOS ANALOG MEMORY
LTAM-B DESIGN AND OPERATIONAL FEATURES

Memory 256 somples, 10 ~ 10 pmz memory area

2
CCD 3-phase, surface-n-channel, 10 - 60 um" gote area
Technology Dual-dielectric gate, one-level metal, two-level

polysilicon interconnects

Local oxidation of silicon channel stop, diffused
source/drain

Chip Area 8200 - 800 pmz
Clock Speed >1 MHz (input and output)
Voltage Gain (serial input/store/serial output): approximately unity
Correlation Binary/analog, 100-kHz rate
59
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{-pm precision has been developed at Lincoln [aboratory and elsewhere. This report gives the
results of an analvsis of the theoretical and practical constraints on tmplementing such electro-
miagnetic filters.,

(me penalty of using superconductors is that refrigerators are needed to maintain the cryo-
genic environment for the superconducting circuits. Such refriperators are being developed. A
spin-off from the superconducting computer development is a 4.2 K refrigerator which requires
2 kW of power. ['nder intensive developnment are refrigerators which operate at 10 to 12 K.
These are designed for extended-mission spacecraft and require about 560 W of power, Super-

conductors with high TC (e.g., Nb,sSn, T(‘ = 18 K) are being developed and are well matched to

3
the higher temperature refrigerators. Thuy it is feasible to place superconducting circuits,

both analog and digital, in future systems.

2. Analysis of Time-Bandwidth Constraints

The time-bandwidth constraints of the filter are determined by the delay line itself. The
constraints irposed by conductor loss, dielectric loss, dispersion, crosstalk, and fabrication

technologies are therefore examined for nicrostrip, stripline, and coplanar waveguide.

a.  Tapped-Delav-line Filter

Three different geometries for squeezing a very long tapped delay line on a small surface
area are shown in Fig. V= The dual-spiral pattern is preferred for several reasons: tight
radius bends are avoided and taps are placed independently of bhends; the circular space is
100 percent ntilized (thin wafer substrates ave typically.round); and spurious signals induced
on the output line by crosstalk are propagating away from the output port, can be terminated,
and are less likely to cause distortion.

A LA filter can be synthesived with a tapped delay line in a variety of wayvs; two schemes
are being studied.  (ne approach is to divide the total freqguency band into n channels.  Each tap
corresponds to one of the narrow bands and has an amplitude -vs-frequency characteristic
desiimed to coherently add to the response of adjacent taps in order to give a unit amplitude re-
sponse (or other desired weighting) across the band. In addition, a quadratic phase-vs-frequency
characteristic nmust be achieved 1in order to give the desired linear group-delay-vs-frequency
response,  This requirement determines the placement of each tap in the delay line. Using
this approach, a relatively small number of taps are required to svnthesize large time-bandwidth-
product filters. tach tap, however, is unique and is of complex design.

An alternate approach, which is much easier to fabricate but which introduces slight signal
distortion, is to use wideband taps, all of which have positive weight and identical phase charac-
teristics. The taps are placed nonuniformly along the delay line at delays corresponding to 360°
of phase change in the chirp signal St = cos fw bt -1 2 uta\, where p is the chirp slope over the
interval -T’2g tg T/2. This approach was developed at Lincoln Labm*ntory'3 for another proj-
ect and gave good performance for a [LFM signal with a2 TW product of 200.  In general this tech-
mgue is applicable for filters of TW product above about 100,

The physical layvout and equivalent circuit of a wideband tap is shown in Fig. V'-5. The weight
of a typical tap would be set at - 50 dB; thus multipath signals resulting from the nondirectional-

ity of the tap would be very small relative to the desirved signal.
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b. Waveguiding Structures

The three wavepuiding structures - microstrip, stripline, and coplanar waveguide - are
shown in Fig. V-6, All three may be used under certain circumstances, and all are superior to
such alternatives as slotline or slow-wave structures. The three structures have comparable
losses (coplanar is about 2 di3 greater). Stripline has no dispersion, but it will be seen that for
the dimensions and Irequencies important here all the structures have negligible dispersion.
The three structures have very different crosstalk properties, and they stress fabrication tech-
nology quite ditfferently. In the discussion that follows the filter is assumed to have 50 percent
fractional bandwidth. A tapped-delay-line filter thus requires the line length I. in wavelengths
A to equal 2TW.

c. Crosstalk

Crosstalk between the input and output lines is significant as a loss mechanism for the spiral
geometry, and as both a loss and distortion mechanism f{or other geometries. If the loss per
¢ then the delay-line loss in dB is 8.6 k , I./A. Thus k.

acceptable loss less than 8.6 dB.

wavelength is k < 1/2TW gives an

t

The crosstalk is approximately given by k(\ x(Z -7 Y2z + Zoe) where zo 7 are

t 00 “oe 00 o “oe
the odd- and even-mode impedances of the input and output lines taken as a pair.

Figure \'-7 shows the crosstalk coefficient for microstrip and stripline as a function of line
spacing (for a 50Q line). DMlicrostrip has more crosstalk for wide spacing because of the absence
of an upper ground plane. This can be somewhat alleviated by using shiclded microstrip. The
crosstalk for coplanar waveguide has not been analvzed. However, an analog simulation using
conducting paper indicates that if w = g and d/g = 5 (variables defined in Fig. \'=6), the crosstalk
is about - 40 dB3 and if d/g = 10, itis —46 dB. The crosstalk for coplanar guide only drops in-
verselv with the line spacing, while for stripline it drops exponentially. The reason for this is
that the very thick dielectric of the coplanar guide allows for significant capacitance between the
two lines, while in stripline the capacitance is very small because the ground plane intercepts
nearly all field lines,  Thas coplanar guide can be used on small time-bandwidth (W - 100),
microstrip on modest ( I'W 3000, and stripline on large (TW - 2000) delay lines.  Practical
stripline structures can be made where the crosstalk is virtually zero.  Phe thrust of our first

design and experimental efforts will be the microstrip and stripline geometries.

. Conductor l.oss

At microwave frequencies, superconductors have significant resistance due to the presence
of normal electrons.  The loss (in dB) for superconducting microstrip is 8.6 RSL \\'7,”, where
[. 15 the delav-line length, H5 the surface resistance of Nb, w the strip width, and Zn the line
impedance,

On an arbitrary large substrate one can design an arbitrary long delay line by making the
conductor strip wide enough to ensure modest losses. On a fixed-area substrate, the delay-
line length, the strip width, and the line impedance are interrelated. These relationships can
be expressed as a function of the total delay and {ractional bandwidth.

Consider a stripline of geometry shown in Fig. V-6. The physical length of the line 1. =

("I‘,/\/i\:;_ © A/ls + w) where T is the total delay, ¢/ /kr the propagation velocity in the line, and




A the substrate area. The loss (in dl}) is 8. R 1./wZ ) livaluating this expression in terms of

S 4
delay and bandwidth can be done with the following constraints appropriate to our filters:
s/b = 2 for —60 dB crosstatk

k = W,/fo = fractional bandwidth

7 1.

Ry = 5.5x 10" f T9/3, fin Gliz, for Nbat 4.2 K

5.2x 10> w7 1’

k Tz oAk
w (8] r

Conductor loss (dB) =

Fork, = t/e, k. = 9.6 (sapphirve), Z = 502 (w/b: 0.167), and A - 25 em?, the loss (@B =
2 X 10° (TW)2,

This latter expression of the limits of filter design in terms of signal delay and bandwidth
is shown in Fig. V-8, These constraints are not influenced very much by impedance level or
dielectric constant. The constraints are very much influenced by operating temperature and
the material T(.. Figure V-9 shows the dependence of maximum delay length for 10 dB loss at

2 GHz bandwidth vs temperature for Nb and !\'h;.\‘n.
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Fig. V-8, Delay-bandwidth constraint on supercondacting steiphine dae
to conductor loss.




o4 Y D P N
100,000~ T T T T T L K
o [iossts-n]
BT 1 t_)
L DELAY, T» Yo @ 2 \To 42 .
where To = TEMP
ON NIOBIUM
10,000 |— Ta2 = 46808 A189 T +93K —
r m
C ON NIOBIUMy TIN 3
= o Teo = 5768708 A:24 Toe 18K -
- -
K
x
= .
<
—
w
o
o)
1,000 L— e ]
- -
- ° .
i \ :
L -
x
I \ .
L \ Q]
x
100 1 1 i 1 1 ]
2 4 [ ] 0 12 - I3

TEMPERATURE (K )

Fig, V=9, Maximum delayv as a function of temperature for superconducting
microstrip due to conductor loss,

b rom the arves we conclude that a chiep filter with W = 2 Gliz, T = 0.5 ps is possible with
Nonnd thar alonmatels TW products of 10,000 are feasible with Nb Sn. It is also seen that a filter
te Nb St cnm be operated at 10 1o 120K, the temperature range being addressed by the new

rotrigs rator e lopment,

o ielectrie Loss and Dirspersion

Supersondineting micro<teip, striphine, or coplanar waveguide will exhibit loss due to the
crcbectre s s loss G dBY s approximately given by Ree oo d]" where Gy (m tan &) A and
tan o 1< thie loss tangent ol the diclectrice,

B evalnating this expression in terms of the delay and bandwidth of the delay hine the loss

1= iy en b

loss (did) s T{tan ) TW K
W




IFFor 50 percent bandwidth (kw = 0.5) and an acceptable loss of 5.4 d13, the constraint on the time-
bandwidth product of the delay line is given by TW < 1/(10 tané). Thus a TW = 100 filter re-
quires a loss tangent of 10_3, an easily met requirement. A TW = 1000 filter requires a loss
tangent of 10_4. Bulk supercill 1l (a very pure quartz} has a loss tangent of about 10~4. Sap-
phire has a loss tangent of 1()_6 or better, making it the diclectric of choice.

. ‘ : 4 . . R : : .
The Getsinger model” for microstrip dispersion is given by

€ - €
5 o]
€ =€ -

5 e
e sy «sz/f:

where fp = ZOQ p.oh is the cutoff frequency, < is the substrate relative dielectric constant,
L 1S the effective DC dielectric constant, G =1, and ZO is the line impedance.

This dispersion places a limit on the TW product that a substrate of a given height can sup-
port. For the thin substrates of interest to this project this dispersion is negligible. For ex-
ample, the cutoff frequency fp is about 200 GHz for a 100-um (4 mil) substrate, which results
in a 0.01-percent change in the dielectric constant over a 2-GHz bandwidth,

sStripline is entirely free from dispersion, and thus even larger structures could be used if
required.  In general, however, dispersion is not a problem for any of the small waveguiding

structures.

f. Fabrication Technology

The fabrication issues involve the dielectric substrate, the photolithography, and the nio-
biur, Hach is discussed below.

Coplanar waveguide places no constraint on the dielectric thickness., Stripline and micro-
Steip regqunte thn substrates to allow narrow lines near 508 impedance (25 to 1002 is conve-
niert), Table V-3 shows the maximum delay-line length of 50Q stripline for an array of substrate
areas and thicknesses. Comnercial vendors of precision microwave dielectric substrates can
supply arsspported 2-ing=dia. low-loss sapphire substrates 100 pm thick; thus 50-ns delay is
aosaes b le e the pear teesss Thinner substrates (<25 pm) may be feasible if supported by

P o thc Rer caverer. Such development will be required to reach delays of 200 ns or

TABLE V-3
DELAY-LINE LENGTH
50Q STRIPLINE ON SAPPHIRE
Substrate Thickness (um)
400 100 25.0 6.0
S JRU—
Deloy (ns)

Active Area (cm?) 5 3 12 50.0 200.0
20 12 50 200.0 800.0

40 24 100 400.0 1600.0

Line Width {um) 133 33 8.3 2.1

66




greater.  Alternate long-term development options for long delays on very thin substrates
involve deposited dielectrics or sheet diclectrics, Fabrication of a thin-film dielectric with
adequately low loss will require very low contamination in the deposited i, A more readily
explored alternative would be to nse plastic film as the dielectrie.  Films of Teflon, or poly-
ethylene or polvimide are available in thickness of 1 mil (25 pm) or less. Loss tangents of

2 X 10-:' have been reported at 1.2 Ko These filins could be used to make microstrip by depos-
iting and patterning Nb on the film divectly or by sandwiching the film between two thicker sub-
strates which carry the \b oround plane and strip patterns.

Minirwn: feature sizes of 1 pnoare readily achievable by contact photolithography over
small arcas. Because the waveguiding stractures required line widths of 2 um or greater,
resolition itselt is not a problenn However, the line should be free of defects over the large
suhstrate suvince. This places a lirit on aceeptable particulate contansination te.g., the 200-ns
lire 15 20 1 long and can suffer no shorts, opens, oravajor perturbations in impedance}.  The
seasonable Lt determined by photolithopraphy would be a delay of about 2 us. Reaching this
It ! reguire extensive development of a 3-in.-dia. photolithographic technology.

I'he tow contamination required for the photolithopraphy applies to the cleaning of the di-

electric <ubstirate and to the svatter process vsed for Nb deposition,
3. Nrariary

Corrert technology and the underlyine phyvsics support making delay lines of 50 ns delay
v 2CHH bandawidths Thus a ear-tern poal of A 100 TW -praduct filter is realistic. Such a

flter can e oo oler ented wath coplanar saveride twithot vielating the crosstalk constraint),

comtrrelr e e e et caa Uit aolatin s the donogl subhsterate thickness fabrication constraint),
sty ot =l e e ra it ot aelatir e the dielectric-loss constraint).,

VIR ORI e o w sen eoestivated experiteentally. . The eventual attainment
G T e e e e b sendaonddths of S o 20 Gz, will require major development
effort, b renie o 0 oty scch development will reguire making thin (<25 pm) sub-
Atrateas b oo e o o0 ] rerpare careful desion to compensate for the crosstalk
~toval o ol ot e oo aoany sueh wideband filters and other analoyp superconducting
Coropor e te e tae s Les e pono R sitenal processing svstems.

JoT. Lynceh
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