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ABSTRACT

This report covers in detail the solid state research work of the Solid

State Division at Lincoln Laboratory for the period I February

through 30 April 1983. The topics covered are Solid State Device

Research, Quantum Electronics. Materials Research, Microelectron-
ics, and Analog Device Technology. Funding is primarily provided by

the Air Force, with additional support provided by the Army,

DARPA, Navy, NASA, and DOE.
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INTRODUCTION

1. SOLID STATE DEVICE RESEARCH
An electrooptic analog-to-digital converter system has been demonstrated at I Gsample/s

with a range of 2 bits. This converter consists of a pulsed GaAIAs diode laser, a LiNbO 3
integrated optical modulator array, Si avalanche photodiodes, and the necessary wideband
electronics. A 499-MHz sinusoid has been A: D converted, and a slowed version
reconstructed.

A new type of optical frequency translator has been demonstrated which utilizes Bragg
diffraction from a traveling index wave produced by an interdigitated electrode grating on a
LiNbO3 surface waveguide. Measurements at 10 and 100 MHz have yielded greater than
90-percent carrier-to-sideband conversion efficiency with over 100:1 suppression of the carrier
and unwanted sideband.

2. QUANTUM ELECTRONICS

A single analytical framework for studying the combined effects of signal ave ng and
crosscorrelation in a dual-laser differential absorption LIDAR system has been de ed.
The analysis is being used in conjunction with experimental results to evaluate th( "ror-
reduction capabilities of this technique of laser remote sensing.

Optical heterodyne spectroscopy has been carried out using GaAIAs diode la,.
directly modulating the injection current at frequencies up to 2.6 GHz. When the modulated
laser output probes a narrow absorption line, a characteristic heterodyne beat signal occurs
which permits rapid, sensitive measurement of optical absorption and dispersion. Applications
include laser remote sensing and frequency locking of diode lasers.

A12 0 3 films with useful dielectric properties have been deposited on Si substrates using
UV laser-initiated deposition. UV irradiation of the surface during deposition has produced
densification of the films.

3. MATERIALS RESEARCH
Intentionally doped crystals of InP grown by the liquid-encapsulated Czochralski method

contain prominent dopant striations that are pr-bablv due to random convection currents
caused by large temperature gradients in the melt. By increasing the rate of seed or crucible
rotation, the longitudinal variations in dopant concentration have been reduced to a few
percent. as determined by measurements of the free-carrier absorption with a scanning CO 2
laser.

A four-terminal device that can be operated either as a lateral npn bipolar transistor or
as a conventional n-channel MOSFET has been fabricated in silicon-on-insulator (SOl) films
prepared by graphite-strip-heater zone-melting recrystallization. Since bipolar devices have the
potential for faster speed than MOSFETs. this initial demonstration that the films are
bipolar-de ice-worth% is a significant step in the development of zone-melting-recrystallized
OI technology tor ery-large-scale integration (VLSI).
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Shallow p' n junctions have bccii formed in n-silicon substrates by implanting Si' ions
to produce an anin,,phous layer, implanting low-energy B+ ions into this layer, then ther-
mally annealing to recrystallize the amorphous material by solid-phase epitaxy. Diodes with
junctions only -0.25 pm deep produced by this dual-implantation technique exhibit excellent
I-V characteristics. The technique should be useful in the fabrication of short-channel PMOS
devices for CMOS circuits.

The electronic structare of four sulfur centers in Si, which have binding energies from
0.109 to 0.612 eV. has been investigated by carrying out a detailed theoretical analysis of
earlier data on the infrared absorption of S-doped Si as a function of uniaxial stress. The
excited np0 and np± levels of these centers are well described by the effective mass and
deformation potential approximations. while the ground states and low-lying excited levels
are considerably perturbed, as expected for moderately deep-lying levels.

The concentration of hole traps in GaAs films grown by molecular-beam epitaxy in the
presence of a W flux has been determined by means of capacitance-vs-temperature measure-
ments between 77 and 3400 K. The measured trap concentrations, which are in the range
from I to 3 X 1014 cm 3. are consistent with carrier concentration and mobility data.

4. MICROELECTRONICS

A new optical scheme is described for accurately measuring the gap between two planar
surfaces over the range of 20 to 500 pm. Although this scheme has general application, :t
is particularly well suited to the problem of establishing and maintaining the gap between a
mask and a substrate in proximity printing lithography systems. The technique has been
experimentally implemented, and ±0.25-percent accuracy has been demonstrated over a range
of 25 to 120 pm.

Monolithic frequency doublers have been fabricated and tested. Planar Schottky-barrier
varactor diodes, RF matching circuits, and bias lines are integrated on a 4 X 8-mm GaAs
substrate, demonstrating the feasibility of monolithic frequency multipliers for the first time.

Resonant tunneling has been observed through a single quantui.i well of GaAs between
two barriers of (GaAIAs. The current singularity and negative-resistance region are dramati-
cally improved over previous results, and detecting and mixing have been carried o"t at fre-
quencies as high as 2.5 TH.

5. ANALOG DEVICE TECHNOLOGY

Techniques are being developed to produce %erv thin silicon substrates for superconauc-
tive signal-processing devices by bonding the substrate to a support and using selective etch-
ing to reduce its thickness. Other materials including calcium fluoride, quartz. alumina,
and sapphire have been examined as possible substrates. Experimental results show that
only sapphire and silicon are compatible with high-density superconductive microwave de-
vices, and only silicon is compatible with large time-bandwidth-product devices.
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Monitoring and control of fabrication processes have improved the reproducibility and
quality of superconductor-insulator-superconductor tunnel junctions. High normal-current den-
sities with uniformities of ±10 percent across a wafer and low leakage currents are consist-
ently achieved, which facilitates the production of multiple-junction arrays. The rugged nature
of the Nb Nb20 5 Pb structure results in current-density changes of less than 15 percent
over a 2.5-year span.

Specific electroacoustic coefficients in IiNbO3 and 1.iTaO 3 have been determined by
measurement of the velocity change of Z-propagating longitudinal bulk acoustic waves due
to a Z-directed electric field. Coefficients of 4.93 X 10 9 cm V in LiNbO3 and 5.55 x
10 9 cm V in l.iTaO3 indicate the feasibility of holographically writing bulk gratings in
those materials. A concept is being developed for using such gratings to form a class of
acoustic filters similar to surface-w'ave-reflection-grating devices but operating at higher
frequencies.

xiii
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1. SOLID STATE DEVICE RESEARCH

1.1 2-BIT 1-GSAMPLE/s ELECTROOPTIC GUIDED-WAVE
ANALOG-TO-DIGITAL CONVERTER SYSTEM

Previously we reported testing a 2-bit I-GS s electrooptic A I) converter. one bit at a
time. I Here we report on a 2-bit A D converter operating at a I-GS s sampling rate
(Fig. 1-1). It consists of a comb-generator-driven GaAIAs diode laser, 2 a LiNbO 3 Ti-
indiffused waveguide interferometric modulator array, Si avalanche photodiodes (APDs).
%%ideband dc-coupled amplifiers, and special I-CH/ Si integrated circuits consisting of com-
parators and I-to-8 serial-to-parallel converters. The comb-generator-drixcn diode laser emits
<120-ps-wide pulses at a 1000-MH7 rate. The optical pulses are endfire coupled to the

.1Nb0 3 chip (also developed by us, Fig. I-I). and the optical modulator outputs are imaged
on the Si API)s. The Si integrated circuits 3 .4 provide the function of comparison and
serial-to-parallel conversion so that the data can be slowed to an ECI.-compatible rate.

Two interferometric modulators and a reference channel are fed in parallel from a
common input via two branching circuits. A dc bias electrode is included for each modula-
tor to allow for adjustment of any imbalance in the interferometers and to allow for the
application of a static 7- 2 phase shift to one of the modulators to obtain a Gray-code out-
put. The measured voltage for a ,-radian phase shift, \',. was 3 V. Thus voltages up to
-3 V can be converted into a 2-bit digital code.

INPUT
AMPLIFIER

RFIN

AVALANCHE
PHOTODIODES 1-GHz

COMPARATORS

Q c3. PARALLEL

DIGITALLSB - wORD

PULSED J "=

LASER REFERENCE
LIGHT 1 8 SERIAL-

__ _TO-PARALLEL

! CONVERTERS

AMPLIFIERS

DCMSB

Fig. 1-1. Schematic diagram of guided-wave electrooptic A/D converter.



. *,---'.- -~ l -" 'i---,. . .- a L 7 • .... .. . ... _ ____- ____ _ _

Outputs of the three detectors (Fig. 1-I) are fed to two I-GHi comparators. After
comparison of the two modulator outputs with that of the reference channel, the outputs
are slowed from the I-GH/ rate to a 125-MH/ rate using the two 1-to-8 serial-to-parallel
converters. The digital outputs, available in a Gray-code format. are next converted to a
binary-code format using 125-M ll exclusive-OR circuits. Finally, all 16 outputs and a data-
ready signal are available for further digital processing.

In a setup (Fig. 1-2) to test this A D converter system, selected samples of the A D-
converted signal are fed into two 125-MH/ D A converters. This permits reconstruction of"
slowed A 1) converted signals from two different switch-selectable A 1) samples
simultantouslv.

[- 2

C' I ANAL 0(,

H MSR N MS V 1 i 1)

ANAIOG - I ",'

iN
0

OU

Fig 1-2 Schematic test system for A D converter. Switches permit simultaneous

D A reconstructions derived from any two samples.

A beat-trequency test was performed to full\' test high-frequency capabilities of the A 1)
con\erter. Ihis is a standard test used on conventional high-speed A )s that permits appli-
cation of maximum frequency input signals while the device's output is monitored at rela-
tively lok frequency. 5 A sinusoidal test signal whose frequency was slightly less than one-
half the diode-laser sampling pulse rate was applied. The sampling points step slowly
through the sinusoid as a function of time with a rate determined by the beat frequency.
and successivc sampling points see opposite polarity portions of the sinusoid. Thus. D A
reconstructions from two adjacent sample outputs of the serial-to-parallel converters should
be 180 degrees out of phase.

[he upper trace (Fig. 1-3) is a I-MH signal derived by mixing part of the 6-V peak-
to-peak 499-MH test signal with one-half the 1000-MHz drive signal of the laser. The
I-MH/ test signal triggered the oscilloscope. [he second and third traces are reconstructed
signals derived from two adjacent samples. The tmo reconstructed signals are 180 degrees
out of phase with each other, as expecled.

2I
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Fig. 1-3. Beat-frequency test of electrooptic A/D converter. The frequency of
the input R F test signal is 499 MHz and the sampling rate is I GHz. Shown are a
derived beat signal (top trace) and reconstructed beat signal from adjacent
samples (middle and bottom traces).

Beat-frequency tests were also made using 6-V peak-to-peak sinusoids of 249- and
415-MH7 frequencies with sampling rates of 500 and 832 MS s, respectively. The results
were identical to those shown in Fig. 1-3. Tests using other adjacent samples produced iden-

tical results. The system maintained the same level of performance for all sampling rates.
Signal reconstruction demonstrates also that the electrooptic A D converter system is com-
patible with other digital processors.

Future work includes increasing the number of bits to four and the sampling rate to
2 GS s.

R.A. Becker
C.E. Woodward (Group 23)
F..J. Leonberger
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1.2 BROADBAND GUIDED-WAVE OPTICAL FREQUENCY TRANSLATOR
USING AN ELECTROOPTICAL BRAGG ARRAY

A new% type of optical frequency translator has been demonstrated which utilizes Bragg
diffraction from a traveling index wave produced by an interdigitated electrode grating on a
LiNbO 3 surface wxaveguide. The grating is driven by a three-phase electrical signal that
results in a unidirectional wave with a fixed Bragg angle determined by the electrode spac-
ing. The diffraction thus produces a single-sideband suppressed carrier optical output. Mea-
surements at 10 and 100 MHz have yielded greater than 90% carrier-to-sideband conversion
efficiency with oxer 100:1 suppression of the carrier and unwanted sideband. The device
,,hould be operable from arbitrarily low frequencies up to several gigahertz. 6

R.H. Kingston
R.A. Becker
F.J. Leonberger
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2. QUANTUM ELECTRONICS

2.1 COMBINED SIGNAL AVERAGING AND CROSS-CORRELATION
EFFECTS IN LASER REMOTE SENSING

Previous analyses and experimental results have involved separate investigations of two
techniques to reduce the effect of atmospherically induced temporal changes on the accuracy
of differential-absorption LIDAR (DIAL) measurements. These studies explored the signal
averaging process of the LIIDAR returns from each laser individually I and the effect of
using a dual-laser DIAL system to obtain increased accuracy by exploiting the pulse-pair
cross-correlation of the returns from two lasers. 2

We have now extended the analysis to incorporate both techniques within a single ana-
lytical framework which effectively combine, the influence of both temporal cross-correlation
and signal averaging.

This extended analysis yields a value for the standard deviation of the mean of the
LIDAR returns. ant, given to first order bN

ant2  Onx 2 , an\.2 2Pnc Onx (nv
where n in the subscript indicates averaging over n signals: anx and anv are the standard
deviations of the mean of the return I[IDAR signals from the two lasers labeled x and y.
respectively: f = x y corresponds to the ratio of the returns from the two lasers, and Pnc is
the temporal cross-correlation coefficient of blocks of n pulses from lasers x and y for a
delay time, At. equal to the time interval between corresponding pulses of the two lasers.
The values of Onx and ntv are given by

oi  n-I
0ni [I + 2 x- (I- j n)pj 2 (ix,) (2)

where ai is the standard deviation for a single pulse of laser i, and .ji is. the temporal
autocorrelation coefficient of laser i for a delay time jr, with r the time interval between
pulses.I The relationship between Pnc and individual pulse-pairs from the same data set is:

n-I

Pnc nn-- [Pc + 2 2. (I - jjn)Pjxy3nnxny j= I

Here Pjxy and Pc are the temporal cross-correlation coefficients between pulses separated by
a time interval, jr+At and At, respectively. We have set pjxy = p-jxy since in our experi-
ments At is much shorter than the coherence time of atmospheric turbulence (i.e., the
atmosphere may be considered "frozen" during the interval, At). The foregoing equations
relate the temporal autocorrelation values, Pjx and Pjy, and the temporal cross-correlation,
Pjxy, with the uncertainty in DIAL measurements, ant-
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A preliminary comparison between the above analysis and experimental data has been
made using various experimental L[DAR configurations involving both specular and diffusely
reflecting targets and both heterodyne- and direct-detection modes. In general, good agree-
ment has been obtained. The results have also pointed up the extreme importance of first
a~eraging the LIIDAR returns from each of the lasers individually over the n pulses prior to
taking the ratio of these values. Using the converse approach of ratioing first and then
a\eraging is incorrect and. in some instances, will introduce a large bias in the evaluation of
Ont. Further experimental work is being carried out to establish the limits of validity of the
analysis.

N. Menvuk
D.K. Killinger
C.R. Menyuk*

2.2 OPTICAL HETERODYNE SPECTROSCOPY WITH FREQUENCY
AND AMPLITUDE MODULATED GaAIAs DIODE LASERS

Optical heterodyne spectroscopy using frequency-modulated laser light is a powerful and
versatile detection scheme in high-resolution laser spectroscopy. 3 .4 In contrast to conventional
wavelength modulation spectroscopy this ne% t~pe of frequency modulation (FM) spectros-
copy3 is characterized by modulation frequencies that are larger than the spectral width of
the absorption line being investigated. This results in a large differential absorption expe-
rienced by the FM light and. consequently, in a strong heterodyne beat signal that can be
detected very rapidly and with very high sensitivity.4 So far narrowband dye lasers have
been used for FM-spectroscopy experiments and the necessary FM had to be produced with
the help of external electrooptical phase modulators requiring usuall)y about I W of RF
drixe power. Here we introduce a modified FM measurement technique where the FM spec-
trum is created bv directly modulating the iniection current of a single-mode diode laser at
frequencies up to several gigahertz.

The above scheme provides a convenient modulation method, but the desired FM is
accompanied by an additional amplitude modulation (AM) of the laser output power. How-
ever, our investigations demonstrate that GaAlAs diode lasers, which are frequency and
amplitude modulated simultaneously, can be very useful light sources for optical heterodyne
spectroscopy. and most of the advantages of pure FM spectroscopy are maintained. A RF
synthesizer was used to modulate a small fraction of the injection current of a single-mode
TJS diode laser at RF frequencies up to 2.6 GHz (Fig. 2-1). The laser frequency, Wo. could
be tuned by a current ramp that was controlled by the sawtooth output of an oscilloscope.
Figure 2-2 shows Fabry-Perot scans of the laser output when the injection current was
modulated at vm = 750 MHz and vm = 2.6 GHz. respectively.

Since only weak current modulation was employed, the light spectrum consists of a
strong carrier at wo and two weak sidebands at wo ± wm higher order sidebands were

*University of Maryland, College Park, Maryland.
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Fig. 2-1. Experimental setup for optical heterodyne spectroscopy with diode lasers,

negligible. The asymmetrical pow'er spectrum observed for vm = 750 MHz is typical for ]
simultaneous FM and AM modulation. The electrical field of the current modulated diode
laser can be described by

E(t) = Eo[I + Mcos(tomt + 0)) exp [i(cuot + 6sin tomt)) (4)

where cum is the modulation frequency, M is the amplitude modulation index, 0 is the
frequency modulation index, and 41 defines the phase difference between amplitude and
frequency modulation. By expanding Eq. (4) into a series of nth-order Bessel functions the
individual intensities of the carrier and sidebands can be calculated. For 03. M << I the
following expression for the intensity difference of the two sidebands at wo ± wm is
obtained:

E2(wo + (im) - E2 (wo - wim) = Mpcosqt (5)

The asymmetrical power spectrum in Fig. 2-2a indicates a phase difference of 0 < 1101 <
ir 2 for vm = 750 MHz, whereas at Pm = 2.6 GHz (Fig. 2-2b) the sidebands at CUD ± Wm
have equal amplitude, corresponding to I/ = +7r/2. The phase difference, I#, depends
critically on the laser operating conditions, which needs further investigation. For vm <
2 GHz we have always observed IJi < 7r/2.

7
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Fig. 2-2. Power spectrum of current- modulated TJS diode laser: (a) i r 750 MHz; lb) Im 2.6 GHz.
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The heterodyne absorption spectroscopy with the current modulated diode laser was per-
formed with phase-sensitive detection electronics (Fig. 2-1). The laser light probing an
absorption line was detected with an avalanche photodiode of at least 3-G(Hi bandwidth.
The photodiode output was amplified with a RF amplifier and then homody ne-detected with
a double-balanced mixer. A variable-length air line permitted adjustment of the phase of the
local oscillator signal relative to the photodiode signal. The dc output of the mixer was dis-
played directly on an oscilloscope which through its sawtooth output was synchronized with
the laser frequency scan.

In a first set of experiments a Fabry-Perot resonator was used in the reflection mode
to simulate an absorption line of 230-MHi width. While the laser frequency was tuned
through the resonance, the carrier at wo and the two sidebands at W+l = w o t tUm expe-
rienced absorption losses, 6 o,±l, and phase shifts, 0o+ I , which gave rise to a characteristic
heterodyne beat signal, i.e., the effect of the sample converts FM into additional AM. We
have dev'doped a complete theory for optical heterodyne spectroscopy with frequency- and
amplitude-mnodulated laser light. For /3, M << I and only weak absorption and dispersion
induced by the sample, the final result for the relative laser intensity impinging on the pho-
todetector is

l(t) e2 6 o I+coswmt[0(6 I 61 )+M(2+26 0 61 6 1 )cosO M(4 I-(I)sinto]

+sinwmt[6(t 260+4 I+1) M(2+26° 6 I 61)sint# M(O 1 I)cos~] (6)

For M 0. Eq. (6) reduces to the expression that has been derived for the heterodyne beat
signal in the pure FM case. 3 In the special case of M = 0 and wm small compared with
the spectral width of the resonance line, the in-phase part of the spectrum becomes propor-
tional to the first derivative of the absorption. whereas the quadrature part becomes propor-
tional to the second derivative of the dispersion. Additional AM modulation (M # 0) causes
a modification of the line shape of the heterodyne spectrum. Depending on the FM-AM
phase difference. tP, it also produces a nonvanishing background for either the in-phase
(- cosomt) or the quadrature (- sinwmt) component of the beat signal. If jo and M are
known, a straightforward analysis of the measured heterodyne spectrum permits a determina-
tion of the optical absorption and dispersion induced by the sample.

Figure 2-3 shows heterodyne beat signals which were recorded when the AM-FM modu-
lated laser light was tuned through the Fabry-Perot resonance. Appropriate phase adjustment
with the variable-length air line permitted selection of either the in-phase or the quadrature
part of the signal. Note the zhiracteristic differences in the spectra obtained for vm =
750 MH, and vm = 2.6 OHz. Ihese differences originate from different values, V/, for the
FM-AM phase relation (compare Fig. 2-2) and are correctly predicted by Eq. (6). The in-
phase part of the signal eyhibits two dominant structures of opposite polarity (Fig. 2-3a
and c) which occur when first the lower frequency sideband and then the higher frequency
sideband probes the resonance. Thus, these two spectral features are separated by 2vm. For
Vm = 750 MHz. il # _+r 2, and the in-phase part of the heterodyne signal in Fig. 2-3a
shows an additional structure in the center which occurs when the carrier frequency, Wo.
sweeps through the resonance. The relative amplitude of this structure is proportional to



(a)(b

(C) (d)

Fig. 2-3. Heterodyne spectrum of Fabry-Perot resonance: (a) in-phase signal, vm 750 MHz;
lb) quadrature signal. 'in 750 MHz; (c) in-phase signal, r 2.6 GHz; (d) quadrature signal.,'in
2.6 GHz.



Mcosqi and is furthermore a function of the absorption, 6. of the sample. Since the absorp-
tion coefficient and the AM-modulation index M can be measured independently, the heter-
odyne spectrum offers the possibility of determining the AM-FM phase relation. U/.

We have used the AM-FM modulated TJS diode laser to detect water vapor absorption
lines at \ = 8160-8180 A by passing the modulated laser light through a I-m-long absorption
cell containing pure water vapor. The measurements benefited from the use of high-
modulation frequencies of up to 2.6 (iH7 exceeding the spectral width of the 1.5-GHz-wide
water vapor lines. Therefore. the absorption difference experienced by the individual fre-
quency components of the probing FM-light spectrum was large and, consequently, a strong
heterodyne beat signal was generated. In this context it is important to mention that
GaAIAs diode lasers have very little frequency and amplitude noise at RF frequencies. 5

Thus. RF heterodyne beat notes can be detected with high sensitivity and in a very short
time inter~al, ultimately limited by the modulation frequency. The quadrature part of the
heterodyne signal can be used to lock the carrier frequency to a Fabry-Perot resonance or
an atomic absorption line. following a concept which was employed successfully to stabilize
the output frequency of ring d\c lasers with an accuracy of better than I kHz. Important
applications of optical heterodyne spectroscopy with AM-FM modulated diode lasers include
high-resolution laser spectroscopy. frequency locking of diode lasers and laser remote sensing.

W. Lenth
W.E. Barch

2.3 UV LASER-INITIATED DEPOSITION OF A12 0 3

Low-temperature deposition of insulating films is of interest as a technique for semicon-
ductor processing that can reduce wafer warpage and undesired chemical reactions in Si
technology and allow greater processing flexibility. The method has potential applications in
Ill-V semiconductor technology, where processing temperatures must be kept low to avoid
material dissociation. We have discussed previously the properties of UV-laser-deposited
Si 3 N4 , whose physical properties were comparable to those of material deposited by low-
temperature chemical vagor deposition, but whose dielectric properties were suitable only for
passivation applications.

We have now deposited films of AF2 0 3. a material of interest as a dielectric for use
with lnP as well as with Si, and evaluated its properties. In addition, the effect of UV
irradiation of the surface during deposition has been examined.

In the deposition system (Fig. 2-4) a pulsed ArF excimer laser was used to dissociate
the reagent gases, trimethyl aluminum (TMA). and N20. A 1:50 mix of TMA:N 20 was
used at a total pressure of 0.5 Torr. Typical laser conditions were average powers of 2 W
at a 20-H7 pulse repetition rate. The substrates were heated to temperatures of 200-500'C.
Under normal conditions, the laser beam, collimated by a beam-reducing telescope to a slit
image about 3 X 25 mm. passed about I mm above the substrate. In some experiments, the
beam exiting from the deposition chamber was folded back by mirrors and used to irradiate
a portion of the substrate. An aperture was used to produce a defined irradiated region.
and various attenuators were used to vary the energy striking the surface.
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Fig 2-4. UV laser-induced film deposition system.

I hc deposited films ere examined by ellipsometry. Auger electron spectroscopy (AES).
and h capacitancc-voltage ('-V) measurements made on films contacted by indium dots.
Ihe retractie index of the deposited films, which were 100-200 nm thick, ranged from
1.5-1.7: single crystal AlI0 31 has an index of 1.76, and values of 1.64 are typical of films
deposited b\ other techniques. Composition profiles obtained by AES indicated that the
films were stoichiometric to w ithin the accuracy of the technique and uniform in composi-
tion: no impurities were detected within the sensitivity of the measurement, approximately
0.1("-. C-V measurements on a number of films deposited on Si showed that a number of
the films had good dielectric properties. as indicated by small (< I V) flat band shifts. By
contrast, our earlier Si3 N4 films showed flat band voltage shifts as large as 25 V, indicating
a large amount of fixed charge in the dielectric. However, the electrical properties of the

Ins are not yet fully reproducible.

]he effect of surtace irradiation on the refractive index and thickness of the deposited
material is shown in Fig. 2-5. These data were obtained by taking a series of ellipsometer
measurements on the deposited film along a line that crosses the irradiated region. which is
located approximately at the center of the scan. Even at an energy level of 0.7 mJ cm2

[Fig. 2-5 (top)) an increase in the index and a decrease in thickness are found. At
1.6 mi cm 2 [Fig. 2-5 (bottom)] the effect is even more dramatic. The energy levels involved
here are insufficient to produce a significant heating of the surface; the calculated tempera-
ture rise is less than 10'C. The change in the thickness and index of the deposited material
indicates a laser-induced densification of the material. UV irradiation also produced a
decrease in the etch rate of the material in H3PO4 (67°C) by as much as a factor of three
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for 400'C material irradiated at 1.6 m.1 cm2. also indicating densification. We believe this
densification is due to UV-enhanced surface mobility of atoms and molecules on the surface.
Such enhancements of surface mobility have a more general and practical significance. since
the\ should make it possible to deposit films at lower temperatures in a variety of' deposi-
tion s\stems. including conxentional chemical vapor deposition ones.

1.1-. Deutsch
l).J. Silversmith
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3. MATERIALS RESEARCH

3.1 REDUCTION IN IMPURITY STRIATIONS IN InP CRYSTALS GROWN
BY THE LIQUID-ENCAPSULATED CZOCHRALSKI METHOD

[he growth of InP crystals by the liquid-encapsulated Czochralski (LEC) method has
been described in an earlier report.1 For most applications the crystals are doped with
impurities intentionally, and a uniform distribution of these impurities is desirable. However.
b\ X-ray topography (Fig. 3-1) we have found that crystals grown under our usual experi-
mental conditions contain random striations that are due to abrupt variations in the dopant
concentration. These variations probably result from convection currents caused by large
temperature gradients in the melt. Many \orkers have reported dopant striations in
Ciochralski cr~stals of various materials.

We are \,,rking to reduce the effect of random convection currents by stirring the melt
more \igorously to decrease the thickness of the boundary layer at the crystal-melt interface.
In initial experiments on n-type crystals heavily doped with Sn, we have reduced the s.iort-
range longitudinal \ariations in dopant concentration to a tewk percent by increasing the
rates of seed or crucible rotation, w, and toc . respecti\el\. 1 he magnitude of these variations
I, round h\ scanning a focused CO- laser along the length of a longitudinal section cut
from the crystal and measuring the intensity of the transmitted radiation to determine the
optical derisit The local dopant concentration is obtained h\ calculating the absorption
coefficient, n. from the measured optical density. since the absorption at the CO-) laser
\axelength is determined by the room-temperature carrier concentra:ion. n300 . \Ahich is
essentially equal to the dopant concenration.

In an experiment to investigate the effect of changes in cu. a crystal of essentially uni-
form diameter "as growkn from a Sn-doped melt with wc fixed at 5 rpm. With the crucible
and seed rotations always in the same sense, the value of ws was initially set at 15 rpm.
then increased successively to 25, 40, and 60 rpm. Figure 3-2a is a recorder trace of the
optical density of a longitudinal section of the crystal as a function of distance from the
seed end. The ordinate scale at the left side of the figure gives the values of a correspond-
ing to the measured optical densities, while the ordinate scale at the right side gives the
\alues of n300 obtained by using the a vs. n30 0 data of Walukiewic, e al.2 In Sec. I the
maximum and minimum values of n300 differed by more than a factor of two. In Sec. If.
\here w was increased to 25 rpm, the fluctuations in n300 decreased dramatically. (This
change is show'n in more detail in Fig. 3-2b. which shows the results for adjacent portions
of Sees. I and II on an expanded distance scale.) Increasing ws to 40 rpm (Sec. 111) caused
a further improvement in uniformity. The variation in n300 remained about the same w -

was w a increased to 60 rpm (Sec. IV). The short-range variations in n300 were only a few
percent in Sees. Ill and IV, making it possible to observe the systematic increase in n300
due to the segregation of Sn. Ahich has a distribution coefficient of less than one in InP.

Figure 3-3 is a recorder trace showing the results of another rotation experiment. In
this plot the range of n3() is about 1-1 2 times that in Fig. 3-2. In Sec. i. where c, and
(,c \ere. respectively, 15 and 5 rpm in tile same sense, the fluctuations in n30 gradually
decreased with time. When (us "as increased to 80 rpm (Sec. 11). the fluctuations decreased
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somewhat. but when ws was reduced to its initial value of 15 rpm (Sec. 111) they became
even larger than in Sec. I. Increasing cuc from 5 to 40 rpm while stopping the seed rotation
(Sec. IV) caused the fluctuations to decrease strongly. Finally, when Wc was returned to its
initial value of 5 rpm and the seed was rotated at 15 rpm in the opposite sense (Sec. V),
the magnitude of the fluctuations in n300 became about the same as in Sec. I.

In several other experiments utilizing scanning laser absorption, we have confirmed that
the magnitude of random fluctuations in n300 is significantly reduced by increasing ws above
about 25 rpm while keeping wc at 5 rpm. Furthermore, a crystal grown with wc of 40 rpm
but without seed rotation exhibited short-range variations in n300 of only a few percent
over its whole length. Increasing the rate of seed and or crucible rotation is thus a promis-
ing technique to improve the dopant uniformity in LEC crystals of InP.

(;.W. Iseler
M.S. Taylor
E..i. Delaney

3.2 LATERAL BIPOLAR/MOS TRANSISTORS FABRICATED
IN ZONE-MELTING-RECRYSTALLIZED Si FILMS ON Si0 2

In earlier studies3 ,4 we have shown that silicon-on-insulator (SO) films prepared b%
7one-melting recrystallization using the graphite strip-heater technique5 are of sufficiently high
quality for the fabrication of majority-carrier devices. In addition, pulsed MOS capacitor
measurements have indicated6 that the minority carrier lifetimes in ione-melting-recrystalliled
films are in the microsecond range, suggesting the possibility of employing these films for
bipolar devices. We now report the development of a novel four-terminal device. fabricated
in the SOl films by a minor modification of the MOS processing procedure, that can be
operated either as a lateral npn bipolar transistor or as a conventional MOSFET. Since
bipolar devices have the potential for faster speed than MOSFETs. this initial demonstration
that the films are bipolar-device-worthy is a significant step in the development of /one-
melting-recrystallized SO[ technology for VILSI circuit applications. The performance of the
lateral bipolar devices indicates that bipolar transistors with the vertical structure used for
conventional bulk bipolar devices could also be fabricated in the SOI films. Utilization of
such vertical SO transistors would be advantageous because they could be fabricated by the
techniques that are already well established for the commercial production of bulk devices.

The SOl structures used for device fabrication consist of a 0.5-Mm-thick recrvstallized Si
film on a 1-mm-thick layer of thermal Si0 2 on a single-crystal Si substrate. Figure 3-4a is a
schematic cross section of the device structure. The active area was first defined by LOCOS
isolation and doped with B by ion implantation. Gate oxide, 100 nm thick, was grown and
a poly-Si film was then deposited and defined to form the gate. A low-dose As' implant
was performed for collector doping. The emitter and collector contact regions were doped by
a high-dose As' implant with photoresist used as a mask to protect t!ie collector area. The
contact window to the base was then opened and doped with B by ion implantation to
reduce contact resistance. After CVD Si0 2 passivation and high-temperature drive-in,
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contacts to the emitter (source), base, collector (drain), and gate were opened and metallijed
with Al. The device was completed by using H 2 sintering to reduce the density of SiO 2-Si
interface states. Figure 3-4b is a photomicrograph of a finished device, which has a nominal
gate width (emitter length) of 50 ptm and gate length (base width) of 3 pm. The individual
devices are fully isolated, making it possible to achieve complete integration of bipolar and
MOS devices with minimum interaction between them. This capability could be useful for
many digital and analog integrated circuit applications.7

Figure 3-5 shows drain-source I-V curves for a typical device operated as an n-channel
MOSFET with the base floating and the Si substrate grounded. The device exhibits well-
behaved enhancement-mode characteristics with a threshold voltage of +1.3 V. The channel
doping concentration (-I X 1017 cm 3) is high enough for long-channel characteristics to be
retained in spite of the relatively large gate-oxide thickness. In the subthreshold region the
drain current is nearly independent of drain voltage with a slope of -90 mV gate voltage
per decade of drain current.

Fig. 3-5. Drain-source I-V characteristics of device operated as n-channel MOSFET
with gate voltages of 0-7 V.

The I-V curves in Fig. 3-5 each exhibit a kink in the saturation region, a common
property of floating-channel SO MOSFETs. Kinks may be undesirable for some applica-

tions. such as analog circuits, but their effect can be reduced by either connecting the base
(or channel) to the source8 or applying a positive bias to the Si substrate.9
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Fig. 3-6. Source-drain (emitter-collector) INV characteristics of device operated with base and
gate contacts floating.

Fig. 3-7. Common-emitter characteristics of device operated as lateral npn bipolar transistor.
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Figure 3-6 shows the source-drain (emitter-collector) I-V characteristics obtained for a
dvice with base and gate contacts floating. The drain (collector) junction exhibits sharp
breakdown, with the breakdown voltage VB exceeding 15 V. compared to 10-15 V for the
SOl MOSFETs we have previously fabricated in zone-melting-recrystalli/ed films. [he
increase in drain VB is presumably due to a reduction in impact ionization. which is
expected because of the decreased drain doping concentration (- 1l 1017 cm 3) in the new
device. As shown in Fig. 3-6, the source (emitter) junction of the new device exhibits soft
breakdown with VB exceeding 10 V. The asymmetry in breakdown properties between the
emitter and collector junctions is due to the difference in their doping profiles. The emitter-
base junction has well-behaved forward I-V characteristics (not shown). which follow the
usual linear-log relation with an ideality factor of -1.2.

Figure 3-7 shows the transistor characteristics obtained for lateral bipolar operation. The
common-emitter current gain is -18 at low collector current but falls off rapidly at high
current because of current crowding. The gain is relatively high compared to that of conven-
tional bulk lateral bipolar transistors, probably because the complete isolation in the SO
structure eliminates the vertical emitter current that is present in bulk de ices, where it is
injected into the substrate without contributing to transistor action. The high current gain of
the SOI device indicates a good minority-carrier diffusion length in the /one-melting-
recrystallized film. The diffusion length calculated10 for electrons in the base is -10 ym for
the measured current gain of 18 and for a nominal base width of 3 ym. This should be
considered as a lower limit since the current gain is reduced by surface recombination at
the top and bottom SiO 2-Si film interfaces. An increase in current gain should be achieved
by reducing the base width and optimizing the base doping.

The full% isolated SO bipolar transistor, unlike its bulk counterpart. has no parasitic
emitter-base and collector-base diodes. Furthermore. the vertical junction arrangement makes
it possible to reduce the junction area and therefore the collector depletion capacitance. (For
the present device this capacitance is 0.5 fF pm emitter length.) Consequently the S01 bipo-
lar transistor should be suitable for high-frequency operation. Its major disadvantage is the
high base resistance resulting from the geometric configuration (see Fig. 3-4). Because of
current crowdingl 0 this resistance will limit the current capability, although the problem
should be less severe for smaller devices.

B-Y. Tsaur .I.C.C. Fan
D.J. Silversmith R.W. Mountain

3.3 DUAL-ION IMPLANTATION TECHNIQUE FOR FORMATION
OF SHALLOW p /n JUNCTIONS IN SILICON

Complementary metal-oxide-semiconductor (CMOS) technology has recently emerged as
an important area for VI.SI development, since the low quiescent power dissipation of
CMOS devices permits substantially higher packing density. As the lateral dimensions of
these devices are reduced to the micrometer or submicrometer range. shallow source and
drain p-n junctions must be used to decrease short-channel effects.
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Fig. 3-8. TEM micrographs for annealed Si samples with (a) single B* implant, (b) Si* implant at room
temperature followed by 8* implant, (c) Si* implant at IN 2 temperature followed by 6+ implant.
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Shallow n' p junctions for n-channel MOS devices aje formed conveniently in Si by
As' ion implantation and subsequent thermal annealing. It is considerably more difficult to
form the shallow p+ n junctions required for the p-channel MOS devices in CMOS circuits.
Boron is the acceptor of choice because of its high solid solubility. Because of their small
mass, however, B+ ions with conventional energies penetrate too deeply into Si. The use of
low-energy ions to reduce the penetration depth is ineffective since the combination of low
mass and energy results in significant ion channeling. Furthermore, because of the high dif-
fusivity of B, in order to prevent a diffusion-induced increase in junction depth it is neces-
sary to limit post-implantation annealing to temperatures and times that are not adequate
for complete electrical activation or for fully removing implantation damage.

In several studies l1-13 thin p+ layers have been formed in Si by the implantation of
molecular ions such as BF) +, followed by annealing. Because of their higher mass, these
ions have a shorter intrinsic range than B+ ions, and their penetration is further reduced
because implantation produces an amorphous layer. In one of these studies' 3 shallow p+ n
junctions with good electrical properties were obtained by post-implantation annealing, but
high densities of residual defects were still present.

An alternate approach is to introduce B into Si by the implantation of loIA-energy B+

ions. but only after an amorphous laver has been produced by the implantation of Si+ ions
to prevent B" channeling. By employing this dual-implantation technique. Tsai and Streetman 4

were able to obtain a p+ laver with complete B activation, but they did not characterize the
junction obtained.

In this investigation we have demonstrated that shallow p+ n junctions with excellent
electrical properties can be produced b\ the dual-Si B implantation technique, and we have
shown by transmission electron microscopy (TEM) that little damage remains after annealing.

Single-implant control samples were prepared by room-temperature implantation of
25-keV B' ions to a dose of 2 X 1015 cm 2 into I-,1 cm. As-doped n-Si substrates. To
prepare the dual-implant samples, prior to B+ implantation similar Si substrates were
implanted at either room temperature or LN 2 temperature with 100-keV Si + ions to a dose
of 1015 cm 2. then with 60-keV Si+ ions to a dose of 6 X 1014 cm -. All implantations
were performed at 7' off normal incidence to minimize channeling. After B+ implantation
all the samples were annealed at -60 0 'C for I hour and then at -900'C for 10 minutes in
a quart; tube furnace with flowing Ar H2 ambient.

For the single-implant control samples, crystal damage due to implantation is relatively
light. The implanted layer remains monocrystalline, although it contains isolated defect clus-
ters. In contrast, for dual-implant samples an amorphous layer is present before annealing.
The thickness of this layer was found to be "-0.22 Mim by etching test samples with dilute
HF to selectively remove the amorphous Si and then measuring the height of the etched
step with a Dektak.

Because of the difference between the as-implanted structures of the single- and dual-
implant samples. there is a great difference in the crystal quality of these samples after
annealing, as illustrated by the representative TEM micrographs (Fig. 3-8). Like the single-
implant samples, the dual-implant samples are monocrystalline, since annealing results in the
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recrystalli/ation of the amorphous layers by solid-phase epitaxy nucleated by the underlying
crystalline material. However, while the single-implant samples contain a high density of dis-
location loops (Fig. 3-8a) the dual-implant samples implanted with Si at room temperature
contain only a few dislocation pairs (Fig. 3-8b), and those implanted with Si at 1-N2
temperature contain even fewer dislocations (Fig. 3-8c). The crystal quality observed for the
dual-implant samples after annealing is typical of Si layers recrystalli/ed by solid-phase
epitaxv.

Due to the difference in as-implanted structure between the single- and dual-implant
samples, there is a marked difference between their B depth profiles. Profiles determined by
secondary ion mass spectrometry (SIMS) for single-implant samples before and after anneal-
ing are shown in Fig. 3-9a. From the surface to a depth of 0.15 um. the as-implanted pro-
file agrees quite well with the profile calculated from published range data. 14 Beyond this
depth. ho\,ever. there is significant tailing due to channeling, which occurred with relatively
little interference because the implanted layer was so lightly damaged. Annealing produced
an appreciable increase in tailing, so that after annealing the B concentration is equal to the
As donor concentration at a depth of -0.38 gm. The surface concentration of B is -I X
1019 cm 3 both before and after annealing.

The B depth profile measured for a dual-implant sample after annealing is shown in
Fig. 3-9b. Since the B+ ions were implanted into an amorphous layer, tailing is considerably
less severe in this case. with the B concentration becoming equal to the As concentration at
a depth of onl\ -0.25 mim. [he surface concentration is -3 X 1019 cm 3.

The sheet resistance values measured for the single- and dual-implant samples after
annealing differ by a factor of about two. For the latter samples, the sheet resistance is
-60 11 -. corresponding to nearly complete electrical activation of the implanted B. For

the single-implant samples, the value is -120 l1 .. The increase in resistance is due to
incomplete activation and or a reduction in carrier mobility resulting from scattering by the
lattice defects remaining after annealing.

Figure 3-10 shows the I-V characteristics of a typical unpassivated mesa diode. 380 pm
in diameter, that was fabricated from a dual-implant sample for which the Si implant was
performed at room temperature. Over the current range from 10 II to 10-5 A the forward
characteristic fits the expression I = 10 [exp(qV nkT) - 11 with n = .I. The near-unity value
of n indicates that the junction is of good quality with current transport dominated by dif-
fusion. The reverse current density is -5 nA cm- at -1 V and -16 nA cm2 at -5 V. The
leakage current is comparable to that of shallow n+ p junctions formed by As+ ion
implantation.

8

B-Y. Tsaur
C.H. Anderson. Jr.

3.4 ELECTRONIC STRUCTURE OF DEEP-LYING SULFUR CENTERS IN Si

The understanding and control of impurities that introduce deep-lying states in semicon-
ductors is a matter of great interest because such states can have an important influence on

the performance of semiconductor devices. We have investigated the electronic structure of
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Fig. 3-10. Current-voltage characteristic of diode with shallow
p&/n junction produced by dual-ion implantation technique.

four deep-lying S centers in Si by carrying out a detailed analysis of earlier data 15 on the
infrared absorption of S-doped Si measured at 4 K as a function of uniaxial stress.

The properties of shallow donors and acceptors in Si under uniaxial stress are well de-
scribed by the effective mass approximation (EMA) and the deformation potential approxi-
mation (DPA). 16 The shallow donors have s-like ground states lying about 0.03 eV below
the conduction band edge. On the other hand, the four S centers, which we designate as A.
B, C, and D, have ground states lying, respectively. 0.1090, 0.1872. 0.3683, and 0.6116 eV
below the conduction band edge. Their excited np 0 and np+ levels are well described by
EMA and DPA. Their ground states and low-lying excited -states are derived from Is-like
states, but are considerably perturbed, as expected for moderately deep-lying levels. We have
used group theoretical arguments to derive expressions giving the energies of these levels as
functions of the magnitude and orientation of applied stress. The adjustable parameters in
these expressions have been evaluated by fitting the measured infrared spectra. The symme-
tries inferred for the levels are consistent with the observed selection rules and relative spec-
tral intensities.

The energy levels of the four S centers are shown in Fig. 3-11. The centers are dis-
cussed in the order of our decreasing understanding of their electronic structure.
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D Center (binding energy 0.6116 el). his center has been identified from the infrared
spectra 15 and spin-resonance studies 17 as an isolated, probably substitutional, singly ionized
sulfur atom (S ) in a site of Id , mmctrv. Because the center is singly ionized, an electron
in an excited np0 or np+ state sees an effective core charge of two units. Therefore these
levels fi-rm a series which is %erN similar to that for a neutral shallow donor, but their
energy ,pacings below the conduction hand edge are four times those of the corre-
sponding levels for the shallo% donor. Ihe splitting and polarizations of the np 0 and np±
levels under uniaxial stress are consistent with l)PA with a pure shear deformation poten-
tial, E- 8.1 eV.

The np 0 and np± spectra are consistent with transitions from a Is-like ground statt. of
Al symmetry, designated as Isg(Ai). [here is also a spectrum due to weak lsg(Ai)
ls(T 2 ) transitions, where ls(T 2 ) is an excited level of T 2 symmetry with threefold orbital
degeneracy that is split by spin-orbit interaction. By using the expression derived for the
energy of ls(T 2 ) level we obtain an excellent description of the stress dependence of the
polarization and position of the spectral lines.

B Center (binding energy 0.1872 et'). This center has been identified from deep-level
transient spectroscopy (DLTS) measurements as a neutral (S-S) pair. 18 The spectra under
uniaxial stress are consistent with centers of C 3 v (or D3d) symmetry with symmetry axes
randomly aligned along [II !j crystal axes. The ground state is a lsg(A:) state. The np lev-
els are EMA-like with DPA stress dependence. The Isg(A I ) - np spectra yield E2
7.8 eV.

!n addition to the Isg(AI) - np transitions, we also have identified Isg(AI) - Is(Ai)
and lsg(Al) - Is(E) spectra. These are obtained because in C3. or D3d symmetry a T2
state splits into a state of Al symmetry and a twofold degenerate state of E symmetry. For
these spectra we obtain a good description of the stress dependence of the polarization as
well as a fairly good fit to the stress dependence of the line positions. The fit might be
improved by taking into account the interaction between the excited Al and E levels, which
are close in energy.

C Center (binding energy 0.3683 eV). This center has been identified from combined
optical and spin-resonance experiments as the singly ionized B center. (S-S)+. 19 The presence
of a fair concentration of neighboring charged centers makes the center susceptible to per-
turbations that produce line broadening and limit the accuracy of the analysis. Like the B
center, the C center has C3v (or D3d) symmetry axes aligned randomly along [111] crystal
axes. The ground state has Al symmetry, and the Isg(A I ) - np spectra are helium-like and
consistent with transitions to excited np states, which are EMA-like with DPA stress
dependence. The Isg(A I ) np spectri again yield E2 = 7.8 eV.

A number of Isg(A I ) - Is lines are observed, most of which are quite weak and may
be due to a distribution of local environments produced by clustering of nearby charge cen-
ters. The two strongest transitions can be reasonably explained as due to Isg(Ai) - Is(E)
transitions.

A ('enter (binding energy 0.090 eV). There is little independent information on the A
center in the literature. The ground state - np spectrum at zero stress indicates that the
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center is neutral with np levels well described by EMA. The behavior of the ground state -

np spectrum is consistent with a center of C 3 v (or D3d) symmetry, again with a random
distribution of [1l1] symmetry axes. Surprisingly, the stress dependence of the polarization
and position of the spectral lines can be explained extremely well on the assumption of a
Is(E) ground state.

A weak spectrum apparently due to Is - Is is also observed for the A center. How-
ever, the behavior of these transitions is unexplained, since the spectrum is not consistent
with a Is(E) ground state, nor is the dependence of the spectrum on stress orientation con-
sistent with an Al ground state in C3v or D3d symmetry.

H.J. Zeiger

3.5 HOLE TRAPS IN TUNGSTEN-DOPED GaAs GROWN
BY MOLECULAR BEAM EPITAXY

As a first step in determining whether permeable base transistor (PBT) performance is
being degraded by W doping of the GaAs epilayer grown over the W base grid, we are
investigating the trapping centers present in Si-doped, n-type GaAs layers grown by molecu-
lar beam epitaxy (MBE) in the presence of a W flux from a heated filament. As reported
previously, 2 0 we initially performed DLTS and optical deep-level transient spectroscopy
(ODLTS) measurements on Schottky diodes formed by evaporating Au on three such layers.
The DLTS technique yields accurate values for both the densities and activation energies of
majority carrier traps, but in Schottky diode experiments it does not detect minority carrier
traps. Minority traps can be detected by ODLTS, which gives accurate activation energies
but generally does not yield reliable density values.

Our DLTS measurements showed no substantial difference in the density of electron
traps between the three test layers and a control layer grown without a W flux. In contrast,
the ODL-S measurements showed that the test layers contain higher densities than the con-
trol layer of hole traps with activation energies of 0.44 and 0.52 eV. However, in calculating
the hole trap densities from the ODLTS data it was necessary to make the probably unreal-
istic assumption that the rate of hole emission from the traps is negligible compared to the
rate of electron emission. In order to obtain more accurate density values, we have now
measured the small-signal static capacitance of the Schottky barriers as a function of
temperature between 77 and 350 K. As the temperature is increased, carriers trapped initially
in the depletion region are released, producing a change in the space-charge density. The
resulting change in junction capacitance can be used to determine the trap concentration.
This technique has the advantage of being applicable to device structures whose geometry
makes it difficult to illuminate the barrier region for ODLTS measurements.

Figure 3-12 shows the temperature dependence of the static capacitance measured for
sample 3-58 at a dc bias voltage of -0.5 V. With increasing temperature the capacitance
decreases, showing that there is a decrease in the positive space charge of the depletion
region, as expected from the thermal release of trapped holes. The ODLTS data indicate
that this sample, for which the W filament temperature was highest during MBE growth,
contains the highest density of hole traps. A representative ODLTS trace for the sample,

31



80-

'I "- -
SI I l

/\
t

.1o\

ND 'NI IN / 2 2Nb 300 350

t MPF NA fLaRE

Fig. 3-12. Results of capacitance vs. temperature and ODTS measurements on a GaAs layer 13-58)
grown by MBE in the presence of a W flux.

r T T

80 3 56

20'

Fig. 3-13. Results of capacitance vs, temperature measurernents oi-- GaAs layers (3-55, 3-56. 3-58)
grown by MOE in the presence of a W flux and on a control laver J3-59) grown without a W flux

K
| | - 2_2

3, /



obtained for an emission time of 100 ms, is also plotted in Fig. 3-12. This trace contains
separate peaks due to the two different hole traps. These traps are not resolved by the
static capacitance technique; however, there is an abrupt drop in the capacitance curve at
about 220 K that may be associated with the temperature dependence of the hole emission
rate for the trap responsible for the lower temperature ODLTS peak.

Figure 3-13 shows the capacitance vs. temperature curves for all four samples character-
ized previously by ODLTS. For the control sample, 3-59, there is no significant change in
capacitance between 77 and 350 K. For the three test samples the change in capacitance is
correlated with the total area under the two ODLTS peaks. If it is assumed that the capac-
itance change is due entirely to the release of trapped holes, that the hole traps are filled at
77 K and empty at 350 K, and that the traps are neutral when filled, the density of these
traps is given by

Nt =(ND - NA) I I\C357  (3-1)

where C77 and C350 are the capacitances at the two temperatures. Table 3-1 lists the values
of Nt determined from this expression, as well as the W filament temperature and corre-
sponding W vapor pressure and the values of (ND-NA) and the carrier mobilities measured
at 77 K. For the three test samples the Nt values are in the low 1014 cm- 3 range. These
values, which are comparable to the values of (ND-NA), are over an order of magnitude
higher than those determined previously from the ODLTS data.

J.G. Mavroides B.A. Vojak
A.R. Calawa D.J. Kolesar

TABLE 3-1

GROWTH CONDITIONS AND ELECTRICAL PROPERTIES
OF MBE GaAs LAYERS

W Filament W Vapor
Temperature Pressure (ND-NA) 77 K Nt j at 77 K

Sample (0 C) (Torr) (cm- 3) (cm- 3) (cmru/V-s)

3-55 1800 I X 10 II 3.91 X I014 2.27 X 1014 5.4 X 104

3-56 2000 7 X 10 10 3.36 X 10 14 1.48 X 1014 6.6 X I04

3-58 2200 4 X 10 8 2.83 X 1014 2.58 X 1014  4.4 X 104

3-59 - 3.66 x 10 14 5.8 X 104
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4. MICROELECTRONICS

4.1 A PRECISE WIDE-RANGE OPTICAL SCHEME
FOR GAP MEASUREMENTS

A new optical scheme to accurately measure the gap between two planar surfaces over
the range of -20 to 500 jum is described. Although this scheme has general application, it
is particularly well suited to the problem of establishing and maintaining the gap between a
mask and a substrate in proximity printing lithography systems.1,2 The control of the mask-
to-substrate gap is critically important to the feature size and overlay performance of such
systems. Furthermore, high-resolution optical techniques to achieve level-to-level pattern regis-
tration have demonstrated a sensitivity to gap variations. 3,4

In the gap measurement scheme (Fig. 4-1) a collimated laser beam with a uniform
intensity is focused onto plane I. Since plane I is partially transparent, a portion of the
focused beam is reflected and a portion is transmitted. Plane 2 is at least partially reflective.
The multiple reflections which occur between planes I and 2 produce a multitude of over-
lapping beams (Fig. 4-2). These beams interfere and produce a characteristic intensity pattern
which is converted to an electronic signal by a linear imaging array. The spatial frequency,
f, of this pattern is linearly dependent on the gap between the planes (i.e., d af, where a
is a system constant determined by the geometry of the configuration).

xo
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4 /1",,//
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Fig. 4-1. Optical scheme to measure gap between two plans surfaces.
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A very thin (40-nm-thick) Si 3 N4 -membrane mask with 5 nm of chromium on the lower
surface was used in an experimental test of the gap measurement scheme (Fig, 4-3). This
mask structure approximates the zero thickness mask shown as plane I in Fig. 4-1. In a
practical lithographic system where a thicker and more durable mask is often desirable, an
antireflection coating may be required to reduce the effect of reflections from the top sur-
face of the mask. The substrate corresponding to plane 2 consisted of a I.5-mm-thick glass
plate with a highly reflective aluminum layer on the surface facing the mask. Parallelism
between mask and substrate was established by observing the pattern of interference fringes
in a wide-area laser beam normally incident from the backside of the substrate. Relative
displacement between mask and substrate was measured with an accuracy of -20 nm by
counting interference fringes using a diode detector (Fig. 4-3). The distance from t0 local
point on the mask to the center of the imaging array was 50.8 mm, and the angle between
the normal to the imaging array and the membrane mask was 45' . A 256-element linear
imaging array with a pixel spacing of 25 pm was used. Imager data were digitized and
recorded at a series of gaps spaced at 316.4 nm, as determined from the fringe counting
over a gap range of 25 to 120 )m. Since the laser illumination and imager response vary
somewhat with x, it was found to be necessary to multiply the imager data by a "correc-
tion function." The function used was simply the inverse of the imager response with plane
2 removed. Then the "corrected" data were multiplied by a triangular window to reduce the
effects of finite array l-ngth on the computation. The spatial frequency for each signal was
determined by correlating the signals with a sine wave and determining the frequency of the
sine wave at which the peak correlation occurred. These data were then fitted to a straight
line. The system constant, a, was determined from the slope of the line, and the deviation
of the points from the line was used to compute the system error. In a plot of the abso-
lute gap error vs. gap (Fig. 4-4) it appears that part of the error is due to system noise
and that the linear relationship is only approximate.

The accuracy of this gap measurement technique depends on the accuracy with which
the system constant is known. The system constant can be determined by the procedure de-
scribed previously, by measuring a known gap with the system, or by accurately measuring
the system geometry and calculating the constant. Calculation of the constant to an accuracy
of ±0.1% would require that the system be assembled or measured with an accuracy of
±50 um. This accuracy can be easily obtained by standard machining practice.

D.C. Flanders
T.M. Lyszczarz

4.2 MONOLITHIC FREQUENCY DOUBLERS

We report here fabrication and RF performance data obtained from the first monolithic
frequency doubler in which a planar Schottky barrier varactor diode and microstrip circuits
are integrated on a GaAs substrate. The intended uses of this monolithic frequency doubler
are for integration into a heterodyne receiver to provide local oscillator power, and as the
output stage of a transmitter.

The monolithic frequency doubler was designed with the assistance of scaled models. In
a 0.63- to 1.26-GHz hybrid prototype (Fig. 4-5) a packaged varactor diode is attached to the
input and output matching networks near the center of the circuit. The circuit elements in
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Fig. 4-3. Exerimntal system to determine accuracy of gap measurement scheme. Auxiliary interfer-
ometer measures relative motion of mask and substrate with high accuracy.
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Fig. 4-5. Scaled model for design of monolithic frequ, ,ncy doublers. Scaling
factor is 22.57 to 1.
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this prototype can be modified conveniently because the parasitic effects of diode packages
and wires are negligible at low frequencies. This is in contrast to modifications in the actual
monolithic circuit, which would require the generation of new masks and the processing of
new devices and circuits. Such operations are both expensive and time consuming.

Figure 4-5 also shows the GaAs monolithic frequency doubler which was designed by
scaling down the dimensions from the lower frequency prototype by a factor of 22.57. The
scaled values for the thickness of the GaAs substrate and zero-bias junction capacitance are
0.175 mm and 0.25 pF, respectively. Calculated values of scaled input apd output frequencies
are 14.22 and 28.44 GHz. These calculated values proved somewhat higher than the measured
operating frequencies of the monolithic circuit because the junction capacitance of the inte-
grated varactor diode was higher than the design value.

The microstrip implementation (Fig. 4-5) was chosen for its simplicity. The series con-
nection of the diode was selected because planar varactor diodes can be fabricated with
anode and cathode contacts as integral parts of the transmission lines. Input and output
matching networks consist of quarter-wave transformer sections with open-circuited shunt
stubs that are resonant at output and input frequencies. Their positions were selected to
reflect the appropriate impedances at the plane of the diode.

The anode of the planar varactor diode (Fig. 4-6) is formed by a metal-semiconductor
Schottky barrier on an "-I-,m-thick n-type layer of GaAs doped to a concentration of
-2 X 1016 cm- 3 . The area of the anode is "-560 jm 2 . The cathode is formed on a 3.5- to

4.0-im-thick, n' layer doped to an impurity concentration in the range of 2 to 3 X
1018 cm - 3 . The crosshatched areas in Fig. 4-6 represent regions of GaAs that are rendered
semi-insulating by the bombardment of protons. These regions permit the connection of cir-
cuit elements to the anode over the etched step of the mesa.

SCHOTIKY BARRIFER

OHMIC (ONTAC T ANODE

-----CATHODE

r . Mht'p ,%T RIP ( IR, LIT-', I ./ " PLATED G(OLD

?N

,.?A, ' ,fI1 NY I AI'N , SISTRATF \ PR m N ROMBARDD

Fig. 4-6. Planar monolithic veractor diode with n and n4 epitaxial layers for anode and cathode contacts,
respectvely. Trensmission lines are formed over proton bombarded regions.
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Major operations in the fabrication sequence of the varactor diode doubler are the for-
mation of ohmic contacts, electrical isolation of devices, formation of a Schottky barrier
anode junction, and plating of circuit elements as illustrated in Fig. 4-7. Fabrication begins
".ith the definition of windows in the photoresist layer for the ohmic contacts. The n layer
is etched away from these areas, after which the ohmic contact metals are evaporated and
the contacts are formed by photoresist lift-off. The contacts are alloyed at 460'C. Specific
contact resistances below 10 -6 t! cm 2 are usually obtained. The ohmic contact alloyed into
the n' layer is illustrated in Fig. 4-7a. The electrical isolation of devices is accomplished in
two steps, mesa etching followed by proton bombardment (Fig. 4-7b). The two-step isolation
process is used because the combined thickness of the n and n+ layers is approximately
5.0 pm. which exceeds the layer thickness that the 400-keV proton beam can render insulat-
ing. The bombardment mask is designed to expose the etched mesa step of the anode to
the proton bombardment, allowing fabrication of the transmission line over the mesa step
adjacent to the anode (Fig. 4- 7c). The . node is formed by an evaporated platinum layer on
n-type GaAs. The microstrip and bias lines are then electroplated with gold to multiple skin
depths. The process is completed with a lok-energy proton implant which passivates the
GaAs region between the anode and cathode contacts. A monolithic circuit produced by this
process is shown in Fig. 4-8. The die measures 4 by 8 mm. -he planar varactor diode is
shown at a higher magnification in Fig. 4-9.

Devices produced by the above process exhibit ideality factors of 1.05 and breakdown
voltages of 18 V. The .junction capacitance of the diode is plotted as a function of the
reverse bias voltage in Fig. 4-10. The ,ero-bias junction capacitance of 0.35 pF is aipproxi-
mately 0.1 pF higher than the design value. As previously mentioned. the consequence of
this higher capacitance is a decrease in the operating frequency of the doubler. The varactor
frequency doubler is mounted in a test fixture between two short sections of 50-ohm micro-
strip lines fabricated on 0.010-in. alumina substrates. The microstrip lines are connected to
OSSM launchers. The combined RF losses of the launchers and microstrip lines are esti-
mated conservatively as -0.3 dB at the input and -0.5 dB at the output. RF test results
for the monolithic frequency doubler (Figs. 4-11, -12) relate to power levels measured at test
fixture connectors. Performance at the chip level is obtained by accounting for RF losses in
the test fixture. The output power as a function of output frequency is plotted in Fig. 4-11.
In this measurement the input power is kept constant at 182.4 mW. Output power is in
excess of 17.5 mW between 25.6 and 27.4 GHz. and the 3-dB output bandwidth is approx-
imately 2 GHz. Output power exceeds 20 mW over this frequency range at the chip level.
The relationship of output power and conversion efficiency to input power is shown in
Fig. 4-12. In this measurement the frequency is kept constant at 25.8 GHz. The maximum
output power is 38.6 mW at 15.5% efficiency. At the chip level the corresponding maximum
output power and conversion efficiency are 43 mW and 20%, respectively. A maximum con-
version efficiency of 24% is obtained at a reduced output power of 25 mW at the chip
level.

A. Chu L.J. Mahoney
W.E. Courtney R.A. Murphy

(Group 33) R.W. McClelland
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Fig. 4-7. Highlights of fabrication sequence: (a) ohmic contact formation; (b) device isolation: mesa and
proton bombardment; (c) Schottky barrier formatation and circuit plating.
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Fig. 4-8. Monolithic frequency doubler. Varactor diode is integrated with microstrip
circuits and bias lines. Chip dimensions: 4 N 8 mm.

4
16

Fig. 4-9. (Right) Monolithic varactor diode. Diode terminals
are integral part of embedding circuit.
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Fig. 4-10. Junction capacitance vs. reverse bias voltage of monolithic varactor diode. Inset: forward diode
currents vs. bias voltage in . multiple-exposure photograph. Traces correspond to three current scales: 1. 10, and
100 uA/div.
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4.3 RESONANT TUNNELING THROUGH QUANTUM WELLS
AT FREQUENCIES UP TO 2.5 THz

Quantum wells are the subject of considerable theoretical and experimental study. They
consist of thin (<100 A) layers of material, usually a semiconductor confined between two
layers of a different material with a larger bandgap. In this way, carriers a . confined to
the lower bandgap material. If the barriers are sufficiently thin, then carriei, can tunnel
through them, and it becomes possible to probe the quantum wells with carriers.

We have observed resonant tunneling through a single quantum well of GaAs between
two barriers of GaAIAs. Resonant tunneling features are visible at room temperature, and a
broad region of negative resistance is observable at 2001K. At 25°K we have observed the
largest peak-to-valley ratio yet reported (6:1). By comparing high-frequency current response
measurements with the observed dc characteristics, we have established that response times
are less than 10-13 sec and are thus consistent with tunneling. In addition, we have carried
out mixing experiments in these devices at various millimeter and submillimeter wavelengths
down to 119 gm.

Tsu and Esaki 5 have shown that a large peak in the tunneling current should occur
when the injected carriers have certain resonant energies. Figure 4-13 shows schematically
how resonance occurs with applied dc bias. The electrons originate near the Fermi level to
the left of the first barrier of height, AE, tunnel into the well, and finally, tunnel through
the second barrier into unoccupied states. Resonance occurs when the electron-wave function
reflected at the first barrier is cancelled by the wave which leaks from the well in the same
direction, or, equivalently, when the energy of the injected carrier becomes approximately
equal to the energy level of the electrons confined in the well.

Previous measurements of heterojunction quantum well structures have shown evidence
of resonant tunneling.6 , 7 These measurements, however, have shown only small regions of
negative resistance, if any. and near unity peak-to-valley ratios. No resonant tunneling fea-
tures were observed at room temperature. Also, no measurements of response time were
reported.

The structure, shown schematically in Fig. 4-13, was prepared by molecular beam epi-
taxy on an n-type wafer of GaAs. The net donor (Si) concentration in the GaAs outside
the barriers is 1018 cm-3. and the GaAs well was doped to an average concentration of
1017 cm 3 by placing a layer of 1018 cm- 3 material in the central 10% of the well. The
resulting band bending within the well is negligible compared to kT. The top layer of GaAs
is about 5000 A thick. The barriers of GalxAlxAs were not doped intentionally and are
presumed to be semi-insulating due to defect compensation. The substrate growth tempera-
ture was 680'C, and the flux ratio of As to Ga as measured from an ion gauge placed at
the substrate growth position was 19:1. The Al concentration was measured by STEM X-ray
analysis of the barriers and from thicker films grown under similar conditions. Both
methods gave x = 25-30%. The barrier and well dimensions of 50 A were determined by
TEM.

Arrays of mesas 5 ,am square were etched into the completed wafer with ohmic con-
tacts top and bottom. The wafers were then diced into 10-mil-square chips and mounted in
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a corner cube detector mount with a whisker contacting the mesa. The corner cube structure
has been used routinely in our laboratory to mount Schottky diodes to be used as detectors
and mixers and is well characterized at submillimeter wavelengths. 8

The observed dc current-voltage and conductance-voltage curves are shown in Fig. 4-14
for several temperatures. Submillimeter measurements were made at 138 GHz, 76) GHz, and
2.5 THz with a carcinotron and far-IR lasers, respectively. We measured the current
response as a function of dc bias voltage, and calculated the current responsivity following
Torrey and Whitmer.9 but accounting for the mismatch between the antenna impedance of
the corner cube and the device impedance.

At all three frequencies the measured current response agrees with the calculated value
within a few dB. In Fig. 4-15, expanding on an approach used first by Small et al.,10 we
show the measured and calculated current response at 2.5 THz. Since the general shape of
the two curves is the same, it follows that the I-V curve at 2.5 THz must be very similar
to the dc I-V curve. In addition, the magnitude of the calculated current response agrees
rather well with the measured curve considering the uncertainties in the parameters. The
somewhat greater discrepancy between measured and calculated values at large voltages may
arise from quantum effects of photon-assisted tunneling. The agreement is sufficient to show
that the charge transport mechanism is at least as fast as the angular period of 2.5 THz
(i.e., r 6 X 10 14 sec). Further verification has been obtained by mixing two sources near
140 GHz in the device, as well as by the observation of far-infrared laser mode beats at
434 and 119 Mm.

The tirie required for electrons to transit both barriers and the well can be estimated
by assuming that tunneling times are approximately given by the uncertainty relation,
r h E, and that the saturation velocity of 107 cm sec is achieved in the well. This yields
an estimate of order 10 13 sec.

The existence of a large negative resistance at very high frequencies suggests applying
these devices to millimeter and submillimeter amplifiers and oscillators by designing appro-
priate resonance circuits and matching the device to the resonator. Since these devices can
be fabricated with planar technology, feedback and antenna elements could be placed very
near the active area, thereby reducing losses. Also, arrays of elements could be used in dis-
tributed circuits.

T.C.L.G. Sollner C.D. Parker
W.D. Goodhue D.D. Peck
P.E. Tannenwald
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Resonant tunneling features can be seen even at room temperature.
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5. ANALOG DEVICE TECHNOLOGY

5.1 LOW-LOSS SUBSTRATES FOR SUPERCONDUCTIVE CIRCUITS

In a previous reportI the dielectric properties of silicon at low tempc rature were exam-
ined and suitability as a substrate for superconductive microwave devices was demonstrated.
Silicon can support low-loss striplines with low material dispersion. However. to implement
stripline devices of adequate delay 2 on a compact substrate (<, 7.5-cm dia.), one must use
substrates less than 25-pm thick. Silicon is fragile, and free-standing substrates thinner than
125 pm are very difficult to handle. This report outlines a concept and gives preliminary
results to support thin silicon. In addition, other isotropic substrates have been studied.

5.1.1 Supported Silicon Substrates

Because of the fragility of silicon it is desirable to start with a thicker substrate which.
after being attached to a support wafer. can be accurately thinned by selective etching of
heavily doped silicon (Fig. 5-1).

25 pmy

1000 N .cm

250,um

SUPPORT
S UBSTRATE

(b) ~Nb_______________ 'EPI

001 11cm

(C) ~77 7 -*--SUPPORT
GROUND -- . - EPI

STRIPLINE

Fig. 5-1. Proposed fabrication of 25-,Am-thick silicon wafers by apitaxial deposition and
preferential etching: wa) starting material; (b) assembly after deposition of Nb ground plane and
bonding to support wafer; (c) completed structures after the preferential removal of the original
substrate. Nb deposition and photolithographic definition of stripline circuit.
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Epitaxial layers of sufficient resistivity (100 l1-cm), thickness (10-25 Jm), and crystalline
quality for superconductive substrates have been deposited by an outside vendor on heavily
doped silicon. After these epitaxial substrates are attached to another silicon wafer, preferen-
tial etching removes the highly doped substrate. The selective etch is a mixture of nitric,
hvdrofluoric, and acetic acids that attacks heavily doped silicon rapidly but lightly doped
material only slightly.3 To date, the best surface finishes achieved have "-2000 A rms rough-
ness. The most critical material problem is that of the bonding layer. It must include a
superconductive ground plane and, in addition, must be compatible with the elevated
temperatures used to deposit Nb or high-transition-temperature Nb-alloy superconductors for
the stripline. Process development is continuing.

5.1.2 Material Evaluation Technique

As described previouslyI resonatois are a convenient vehicle with which to evaluate loss
and dispersion of candidate dielectrics. Besides the simple resonator structure described ear-
lier (Fig. 5-2a), the two other configurations in Fig. 5-2 were used. The multipath resonator
was used to test the uniformity of the substrate: the four-port structure was used to evalu-
ate the qualit\ of the Nb by measuring the ratio of resistivities at 300 and 770K. 4 In all
cases, the coupling gap was chosen to minimize the external loading.

Fw

(ai (b) (C)

Fig. 5-2. Test structures to evaluate substrates: (a) simple resonator, (b) multiple resonator,
(c) resonator and delay line.

The Q was measured by a signal generator with a resolution of 1000 Hz at 10 GHz.
For the highest values of Q, the decay constant of a gated RF signal was also measured;
identical results were obtained. The absence of dispersion in each dielectric was deduced by
observing the variation of the difference in frequency between successive modes of the
resonance. The lack of a systematic variation observed for all of the materials tested was
taken to indicate dispersionless substrates. Isotropy is an important feature, as it permits
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proximity-tapped structuies to have large time-bandwidth products without excessive loss.
All of the materials evaluated below,, except sapphire, are isotropic or nearly so.

5.1.3 Substrate Properties

Crystalline Quartz: Thin substrates (down to 25 pm) can be obtained from differf:nt
vendors. Highly polished surfaces can be obtained by the use of colloidal silica abrasive.
Crystalline quartz is compatible with Nb processing. Quartz is, however, very fragile and
very difficult to handle. Also, the low dielectric constant (tr = 4.5) makes the devices built
on quartz of a larger area than equivalent devic:s built on other substrates. Quartz is
almost dielectrically isotropic. Because of the difficultN in handling quartz. losses and disper-
sion measurements were made on 350-,am-thick substrates. The results of Q measurements
for this, and the other materials, are presented in Table 5-1.

TABLE 5-1

RESONATOR Q FOR DIFFERENT SLBSTRAIE MATERIALS

f l Q I f12 Q2 (3 Q1
(GHz) X 103 (GH7) x 103 (GH 7) ,< 1(3

Crystal Quartz 1.393 10.7 1.833 1.41 7.05 0.156
Amorphous

Quartz ---- ---- 1.22 1.0 7.27 5.5
Calcium

Fluoride 0.359 44.8 1.800 3,093 ----

Alumina 0.688 0.688 1.608 0.893 ----

Sapphire C1_ 0.567 113. 1,703 17.0 7.74 17.5
Sapphire Cj) 0 650 75. 1.83 18.0 ........
Silicon 0.529 105. 1.589 48.0 7.60 15.5

Amorphous (Fused Synthetic) Quartz: RF loss increases with water content.5 For this
reason Supersil 2 with a low water conent was chosen. The thinnest substrates used were
200-pum thick, but thinner substrates can be obtained. Amorphous quartz is also very fragile
and more difficult than crystalline quartz to polish because of gas-bubble inclusions that
result in pits on the surface. This material is obviously isotropic and has an even lower die-
lectric constant (Er = 3.8) than crystalline quartz.

Calcium Fluoride: This material, commonly used for infrared windows, can be obtained
in large diameters. It is very easy to polish but is slightly hygroscopic and very soft. Thin
substrates could not be obtained commercially. Attempts to cut thin slices were unsuccessful
most of the time. Because of this difficulty, measurements of Q were made on a stripline
consisting of a Nb line on sapphire with the top insulator being the calcium fluoride. Cal-
cium fluoride is cubic and so is ,lielectrically isotropic.
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Alumina: Large area substrates as thin as 100 ,m are readily available. This polycrystal-
line material is nearly isotropic. The surface, even when polished, has enough pits to limit
photolithographic resolution to tens of microns. Fine-grain alumina has a wavy surface that
further limits the photolithographic resolution and causes problems with stripline packaging
of the upper and lower dielectrics,

Sapphire: Sapphire is a very low-loss material, as previously reported. 6 It is very
rugged; substrates as thin as 75 Am are processed routinely by automatic cleaning equipment
(scrubbers) with"it breakage. Round substrates with c-axis in the plane of the substrate, or
perpendicular to it. were obtained with highly polished surfaces ("epitaxial finish").

For most applications the substrate losses for sapphire can be ignored. This low loss.
coupled with its ruggedness, makes sapphire the material of choice for evaluating experimen-
tal device structures and monitor the quality of niobium and other superconductive films.

Of the many isotropic substrate materials evaluated for large time-bandwidth product
devices, silicon is the best, and efforts will continue on the proper thinning of supported
silicon wafers.

A.C. Anderson
R.S. Withers
S.A. Reible

5.2 SUPERCONDUCTOR-INSULATOR-SUPERCONDUCTOR JUNCTIONS

Superconductor-insulator-,uperconductor (SIS) tunnel junctions with high-frequency mix-
ing 7 capability are being developed for use in programmable analog signal-processing de-
vices. 8 A junction consists of niobium (Nb) and lead (Pb) superconducting thin-film elec-
trodes separated by a very thin (-30 A) insulating layer of niobium oxide (Nb 20 5). General
fabrication techniques were described previously.9 This report describes the dc electrical per-
formance and relates these characteristics to the quality of the Nb Nb 20 5 interface. Also.
the long-term stability of these high-quality junctions is characterized.

To standardiie the collection of data from junction I-V characteristics, measurement of
the critical Josephson current, 1c leakage current. I , and normal current, In. are made at
barrier potentials of 0, 2, and 4 mV (Fig. 5-3). Other significant parameters are the super-
conducting gap voltage, V , the normal state tunnel resistance. Rn, and the subgap leakage
resistance. R . Standard figures of merit for tunnel junctions are the IcR, -nd IcR, prod-
ucts, and the resistance ratio RZ Rn. Several parameters for Nb-based tunnel -junctions at
4.21K along with their intended applications are listed in Table 5-2.

The I-V characteristic of a high-quality junction is shown in Fig. 5-4. Tight control of
process parameters is very important in the fabrication of Josephson tunnel junctions with
reproducible I-V characteristics. The Nb base electrode is first cleaned by RF sputter etching
and then a uniform oxide layer is grown in an 02/Ar 2 plasma. Proper control of gas pres-
sures, sputtering voltages, temperatures and times allow fabrication of tunnel junctions with
normal current densities, .n , up to 105 Aicm2 combined with low subgap leakage currents.
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VOLTAGE

Fig. 5-4. I-V characteristics of a Nb/Nb2 O5 /Pb junction at 4.21K. Vertical scales
are 1 and 0.1 mA/div; horizontal scale is 1 mV/div.

High current densities ensure junction response times of 3 ps or less, while low-leakage cur-
rents provide efficient and sensitive mixing interactions in analog devices and large fanout
capability in digital logic arrays.

Strong evidence exists that high-quality junctions are rea!ized only when the tunne! bar-
rier consists of Nb20 5 and the transition region of conducting suboxides such as NbO and
NbO 2 between the Nb 2 0 5 barrier and Nb electrode is much thinner 10 than the '-75 A
coherence length of the RF-sputtered Nb film. The transition region of suboxides which
forms during Nb 2 0 5 growth acts as a poor-quality superconductor with a substantially
depressed transition temperature compared to Nb. and thus provides high-leakage current
through thermal generation of quasiparticles (normal electrons). By comparison, for Nb and
Pb thin films having ideal transition temperatures, the theoretical I; at 4.2°K should be less
than IC In.Also, through the proximity effect between the Nb and NbO x superconductors,
the density of electron states is distorted, reducing the sharpness of the current knee at Vg
and leading to a small nonlinearity in the I-V characteristic immediately above the knee
(Fig. 54).

While the programmable signal processing devices, such as the superconductive con-
volver,. I require up to eight thin films, the test junctions referred to in Table 5-2 are
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fabricated with four thin films. These test junctions are employed for weekly monitoring of
the oxidation process and provide necessary rapid feedback when adjustment of the process
is required. Process control in conjunction with this monitoring procedure characteristically
results in Jn uniformities of ±10% or better on a single substrate and control of Rn to
about ±30% between runs, Improved control in runs is being sought.

The uniformity which is achieved across the single wafers facilitates the fabrication of
series arrays of junctions. The I-V characteristic of a typical array is shown in Fig. 5-5. The
Josephson current in this low-leakage array has been suppressed with a magnetic field. Se-
ries junction arrays are being employed in the programmable analog signal-processing de-
vicesI to increase the dynamic range.

I I

Z1.1

z
U-

VOLTAGE

Fig. 5-5. IV characteristics of a series array of 21 SIS junctions at 4.20 K.

Several Josephson test junctions have been tested at multiple-month intervals over a
two-and-a-half-year span and, as indicated in Fig. 5-6, the ave.age current density changed
less than 15%. These junctions were stored at room temperature in a dry nitrogen atmo-
sphere. These tests help to verify the mechanical ruggedness of niobium-based junctions and
devices.

E.M. Macedo
S.A. Reible
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5.3 PARAXIAL ELECTROACOUSTIC COEFFICIENTS IN LiNbO3
AND LiTaO 3 AND THEIR APPLICATION TO HOLOGRAPHICALLY
WRITTEN BULK ACOUSTIC WAVE GRATINGS

5.3.1 Experimental Determination of Electroacoustic Coefficients

The electroacoustic coefficients govern the modulation of the velocity of elastic waves in
a solid via an electric field. These coefficients are members of a 5th-rank tensor. For the
point group, 3m which contains LiNbO 3 and liTaO 3 , there are thirteen independent coeffi-
cients. Given a coordinate system where all but one of the electric field components are
zero, the velocity modulation takes the form Ava va = CE, where AvaiVa is the relative
velocity of the acoustic wave, E is the non-zero component of the electric field, and C is a
coefficient that is a complicated function of the relative orientation of the E field, acoustic
wavevector, crystal axis, and acoustic mode that is propagating. If all of the thirteen ele-
ments of the electroacoustic tensor were known, C could be calculated for any possible
orientation. However, not all of the electroacoustic coefficients have been determined
directly.12 thus preventing accurate calculation of C except in a few special situations.

For a certain class of devices discussed in Sec. 5.3.2, the magnitude of C for a longi-
tudinal Z-propagating wave with a paraxial electric field is of the utmost interest. Unfortu-
nately, the required coefficients are among those not available accurately. The present study
was done to measure C for LiNbO 3 and LiTaO 3 in the case of a Z-directed electric field.

The experimental determination employed a pulse interference technique, wherein a signal
was delayed acoustically in the crystal sample and then beaten against an undelayed refer-
ence. The bulk acoustic wave was launched by an edge-bonded transducer. 13 Electrodes at
either end of the sample allowed the application of the electric field.

The relatixe phase change is simply related to the velocity change of the elastic wave,
and was measured to an accuracy of better than 5 X 10-8. In practice, the accuracy of the
velocity-change measurement depends not only on the accuracy of the relative-phase-change
measurement, but also on the accuracy of previously determined piezoelectric coefficients,/4
and on the accuracy of the determination of the sample thickness. Data are shown in
Fig. 5-7 giving the relative velocity change as a function of applied electric field for paraxial
longitudinal waves in the Z direction in LiNbO 3 and LiTaO3. The slope of the curve is the
coefficient C. Because of the aforementioned accuracy considerations, the values given for C
in each case are good only to ±5%, even though the linearity of the curve is much better.
Data for other sample orientations and for larger field intensities have been collected and
will be presented at a later date.

5.3.2 Application to Holographically Written Acoustic Gratings

The coupling between the electric field and a traveling acoustic wave could provide an
effective means to create a bulk-acoustic-wave grating within a crystal of LiNbO 3 or LiTaO 3
via the mechanism of a stored optical hologram, provided that the electroacoustic coefficients
are large enough. It is possible to create a sinusoidal spatial variation of the Z-directed
electric field in LiNbO 3 or l.iTaO3 through a hologram. In LiNbO 3 this field can have a
peak intensity greater than 100 kV 'cm. 15 The sinusoidal field can then couple through the
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electroacoustic effect and through piezoelectrically induced density changes to create acoustic
reflectors which collectively would form an acoustic grating.

To determine the order-of-magnitude strength of the interaction between a holographi-
cally formed grating and an acoustic beam. the grating can be modeled as N X-periodic
acoustic transmission-line reflectors at the acoustic Bragg frequency. 16 If the acoustic wave is
assumed undepleted, then the total grating reflection coefficient II is =2NJ61. where 6 is
the reflection coefficient of a single reflector. This reflection coefficient can be estimated
from the changes in acoustic impedance. The impedance z is pva , where p is the material
density and va is the acoustic velocity. A reflector is approximately modeled as material
with zo  Pova butted against material with zr = (Po + LP) ('a + iva). Using 161 = IZo
Irl Izo + Z., one finds, to first order in Appo and Aviva. 161 1 2 (LP po + n'a Va),
From the LiNbO 3 data above and the piezoelectric coefficients, I'j = (5.43 X 10- 4 )N at a
field of 100 kV cm. For the interaction to be of practical interest, it is desirable to achieve
F-1l for N no greater than 105. It appears. then, that the proposed technique is feasible.
The lithographic writing technique should allow convenient production of bulk acoustic grat-
ings. Envisioned are a variety of grating devices (such as filters and pulse compressors ex-
panders) that operate at high frequencies relative to their surface-acoustic-wave counterparts
because of the reduced propagation loss of bulk waves.

P. Gottschalk
D.E. Oates
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