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ABSTRACT

This report coversin detail the solid state research work of the Solid
‘ State Division at Lincoln Laboratory for the period 1 May through
T 31 July 1978. The topics covered are Solid State Device Research,

Quantum Electronics, Materials Research, Microelectronics, and
Surface-Wave Technology. Funding is primarily provided by the Air
Force, with additional support provided by the Army, ARPA, NSF,
and DOE.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Several 12-element HgCdTe 10.6-um photodiode arrays have been fabricated
and tested with average heterodyne sensitivities better than 4.8 X 10-20 W/Hz
and 7.5 x 10720 W/Hz at 760 MHz and 1.5 GHz, respectively. Typical quantum
efficiencies have now been increased to the range of 70 to 85 percent. Opti-
mum performance in the heterodyne mode of operation was obtained using
0.3 to 0,6 mW of CO. local-oscillator power, which produced a 2- to 4-mA
photocurrent.

2

The residual impurity concentration in molecular-beam epitaxially grown GaAs
films was found to be reduced by a factor of about 50 to approximately 4 X
iOiscm-a when hydrogen is introduced during deposition. The band-edge
photoluminescence was enhanced, whereas the deep-level photoluminescence
decreased as the purity of the films increased.

II. QUANTUM ELECTRONICS

Continuous tuning of the CW Ni:Mng laser has been achieved over a 4€>0-cm"1

range from 1.61 to 1.74 pm. The system employed a 1.33-pm Nd:YAG pump i
laser and an intracavity birefringent filter,

Lasing has been observed in KSNdLiZF 10+ @new high-Nd-concentration mate- 4
rial. The product of lifetime and cross sectionis larger than that in NdPSO’ &
and the temperature and Nd concentration dependence of the lifetime are also
different.

Efficient third-harmonic generation can be obtained by placing two nonlinear
crystals in tandem, with the first oriented for second-harmonic generation and
the second for sum mixing. By using such a two-step technique, frequency
tripling of COz mini-TEA laser radiation has been carried out in CdGe.-AsZ with
an average external conversion efficiency of 1.5 percent.

e

A double-pass tight-focusing geometry having a confocal parameter of only i
1.0 cm was used with 8-nsec COZ laser input pulses to obtain 4-percent energy
conversion efficiency for third-harmonic generation in a liquid COZ-OZ
mixture.

Experiments to investigate the feasibility of optical energy extraction from
molecular mercury with an infrared laser have been performed. An infrared-
induced enhancement has been observed at 300 nm, which is 10 times the ther-
mal value,

An efficient thallium laser at 535 and 337.6 nm has been developed based on
the photolysis of thallium iodide with the 193-nm output of an ArF laser. An
energy efficiency of 14 percent has been measured for conversion of the pump
into the thallium laser emission,

vii
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Harmonic heterodyne detection in conjunction with a surface-acoustic-wave

(SAW) dispersive delay line has been used to perform real-time spectral analy-

sis of submillimeter laser signals. Detailed information on the longitudinal

modes and spectral bandwidth of the pulsed DZO laser (385 pm) has been ob-
L tained for the first time using this technique.

IIIl. MATERIALS RESEARCH

A technique has been developed for using ion-beam sputtering to deposit highly

transparent, highly conducting Sn~doped In203 (ITO) films for possible appli-

cations in GaAs solar cells. In initial experiments, such films have been

utilized in two types of cells: those in which an ITO/p-GaAs heterojunction —
forms the charge-separation ba:rrier, and shallow-homojunction cells in which

the ITO forms a transparent ohmic contact to the upper n+-Ga.As layer,

To assist in the development of experimental techniques for using laser heat-
ing to crystallize semiconductor films and to anneal ion-implantation damage
in semiconductors, a theoretical model has been developed for calculating the
temperature profiles of semiconductor samples heated with a scanned CW
laser to temperatures below their melting points. Computer calculations uti-
lizing this model have been carried out both for thin semiconductor films on
metal-coated insulating substrates and for {ion-implanted semiconductor
samples.

IV. MICROELECTRONICS

The first prototype of the SAW/CCD buffer memory device has been tested at a
CCD clock frequency of 100 kHz and at input signal frequencies between 80 and
130 MHz., The device operates without frequency folding between 85.6 and
128,3 MHz, within 300 kHz of the predicted values. The amplitude and phase
of the output signal from the CCD track those of the input signal to the SAW de-
vice, as expected,

Two holographic masks have been fabricated which will act as lenses to con-
vert a uniform laser-beam profile to a spherical wavefront. These masks are
synthetic coding holograms, and consist of arrays of rectangular apertures
built up from a minimum rectangle, which in this case was 3 X 45 um,

V. SURFACE-WAVE TECHNOLOGY

A technique has been developed for precisely determining the phase and ampli-
tude response of SAW devices over the relatively long delays and large band-
widths usually encountered in the devices. Measurements are made in a
pulsed mode so that a number of sequential signals may be time resolved. A
computer-controlled measurement system provides for the precise and rapid
accumulation, analysis, and display of data from devices with time-bandwidth
products of several thousand for frequencies up to 1250 MHz.




Perturbations in surface-wave propagation caused by coupling to nonpropagat-
ing bulk waves in shallow oblique- and normal~incidence groove gratings have
; been measured. Phase shifts upon transmission and shifts in fundamental

stop~band frequency fo have been determined and compared with previous mea-
{ surements of the magnitude of the reflection at the stop band near 2!0. The
comparisons indicate a limitation of an existing model of grating interactions.
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I. SOLID STATE DEVICE RESEARCH

A, 12-ELEMENT HgCdTe PHOTODIODE ARRAYS

Several 12-element HgCdTe 10.6-pm photodiode arrays with average heterodyne sensitivities
better than 4.8 x 1020 W/Hz at 760 MHz and 7.5 x 10"2° W/Hz at 1.5 GHz have been fabricated
and tested. This improved performance over that previously reported for the 12~element arrays1
was due primarily to the implementation of a highly effective ZnS antireflection coating. A typ-
ical 1.1-um-thick ZnS film was found to increase the quantum efficiency at 10.6 um by a factor of
1.4, which was very close to the value of 1.45 expected for an ideal AR coating. Thus, the typ-
ical 50 - to 60-percent quantum ef!‘iciencies1 have now been increased to 70 to 85 percent without
any degradation in diode characteristics.

Optimum performance in the heterodyne mode of operation was obtained with these devices
using 0.3 to 0.6 mW of CO, local-oscillator (1.O) power, which produced 2- to 4-mA photocur-~
rents. Near this optimum LO power the sensitivity was not a strong function of LO power, a
50 -percent variation having little effect. However, a large drop in heterodyne sensitivity is
produced by greatly increasing or decreasing the LO power. Table I-1 lists some heterodyne
performance parameters at 760 MHz for‘two typical HgCdTe photodiodes under optimum operat-
ing conditions. Blackbody heterodyne measurements were made to determine an effective het-
erodyne quantum eft‘iciencyZ and the corresponding equivalent receiver noise figure. An attempt
to account for our observed sensitivity values by taking into consideration the primary factors
affecting wide-bandwidth heterodyne sensitivity is made in Table I-1. At the optimum operating
LO power, the amplifier noise contribution (28 and 36 percent of the total noise) was small but
significant. The frequency-dependent part of the junction collection efficiency, which is due to
slow carrier diffusion to the junction, was‘ estimated from pulse-response dxa.ta;z a 15-percent

TABLE I-1
HETERODYNE PERFORMANCE FACTORS AT 760 MHz
(For Two Typical HgCdTe Photodiodes)
61B-T4-1 60A-T3-2
Effective Heterodyne Quantum 48.0 40.0
Efficiency (percent)

Equivalent Receiver Noise Figure (dB) 3.2 4.0
Degradation Factors

Amplifier noise (NF = 2,6 dB) 1.4 dB (28%) 1.9 dB (36%)

Photodiode quantum efficiency 0.9 dB (82%) 1.1 dB (78%)

(low power)

Junction collection efficiency 0.7d8 0.7 dB

(~85 percent at 760 MHz) 4

3.0d8 3.7d8

TP -




TABLE -2
L HETERODYNE SENSITIVITY AND UNIFORMITY AT 10,6 pm
OF SIX 12-ELEMENT HgCdTe PHOTODIODE ARRAYS
Average Sensitivity (W/Hz) Semiffvi'y Viacimion
Array At 760 MHz At 1500 MHz W'(;h:::::::‘;' 4

618-T4 43x102° | 7.1x10% £13
60A-T4 4.6 - 12
60A-T3 4.7 7.5 5
618-T5 4.7 7.4 10
60A-T2 A 6.0 (4.5) - 12
618-T A 6.0 (4.5) - 8

A measurements made before AR coating.

TABLE -3
ELECTRICAL CHARACTERISTICS OF GoAs MBE FILMS
GROWN WITH AND WITHOUT HYDROGEN
Carrier Carrier
Concentration Mobility
Tewrs | comer |00 | ten/Vuee)
Dopant (Torr) Type 300 K 77 K 700 K 77K
- P 4,0 0.5 220 270
A 1x10°¢ p 3.0 0.3 3% 4,900
- [ 3.6 1.7 290 1,800
Si (750°C) -a
1X10 n 2,0 2,0 7,200 28,100
- n 10,0 8.5 2,800 3,500
$i (900°C) 2
2X10 n 12,0 9.7 6,300 18,500
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slow-decay component was observed in the response characteristics of these diodes. The close
agreement between our calculated sensitivity degradation factors and the equivalent receiver
noise figure indicates that, at the optimum operating point, high-power saturation effects are
not significant. The existence of the frequency-dependent part of the collection efficiency factor
is particularly detrimental to device performance, as it not only decreases the signal level but
effectively adds to the noise, since the slowly diffusing carriers also contribute shot noise.

Both the quantum efficiency and the junction collection efficiency decrease with increasing
LO power. These reduced efficiencies are a consequence of the high excess photoelectron con-
centrations resulting in conduction-band filling and reduced optical absorption and carrier life-
times. All three degradation factors listed in Table I-1 are LO~power dependent. Increasing
the LO power will decrease the amplifier noise effect but at a cost in reduced quantum efficiency
and junction collection efficiency, such that there is a net loss in heterodyne sensitivity.

About ten 12-element HgCdTe photodiode arrays have been tested for heterodyne sensitivity
at 760 and 1500 MHz using blackbody radiometry. One element of the array was used to estab-
lish an optimum bias voltage and LO-power level, and then the sensitivities of the other 11 ele-
ments were measured using the same bias and power level. Typical values were 0.5 V and
0.4 mW. The results of these measurements on six arrays are summarized in Table I-2 where
the average heterodyne sensitivity and uniformity at 760 MHz are given. Three of these devices
were also evaluated at 1500 MHz. The bottom two arrays were tested before the AR coatings
were applied; the numbers in parentheses are estimated values with the AR coating. Four
arrays have yielded average sensitivities better ‘than 4.8 x 10”20 W/Hz at 760 MHz and
7.5 X 10-20 W/Hz at 1500 MHz. All gix arrays have shown very good sensitivity unifermity,
ranging from #5~ to #13-percent extreme variation from element-to-element within each array.

D. L. Spears

B. EFFECT OF H, ON RESIDUAL IMPURITIES IN GaAs MBE LAYERS

The residual impurity concentration in molecular-beam epitaxially grown GaAs films is
significantly reduced when hydrogen is introduced during deposition. The electrical character-
istics of some GaAs MBE films grown with and without hydrogen are shown in Table I-3. These
data were obtained from films grown-at 4 pm/hr at a substrate temperature of 575°C and an
As4/Ga atom concentration ratio of 5. For these experiments, two semi-insulating GaAs sub-
strates were mounted ‘in the system on separate substrate holders. Then, 3-um-thick single
layers were grown consecutively on the two substrates — first without hydrogen, ther. with the
designated hydrogen in the system. All other growth parameters were kept constant. The re-
sults of three runs are shown in Table I~3 for different doping levels. Both unintentionally doped
films are p-type. With 10'6 Torr of hydrogen, however, the carrier concentration is reduced
by about a factor of 2 and the mobility is significantly increased. With the silicon-source tem-
perature at 750°C, the layer without hydrogen remained p-type, while the one grown with hydro-
gen was n-type. At a silicon source temperature of 900°C, both layers were n-type. As indi-
cated by the large difference in 77 K mobilities, the films groﬁm without hydrogen were highly
compensated and had total ionized impurity concentrations >10 i cm'3. The effect of hydrogen
on residual impurity compensation is graphically illustrated in Fig.I-1. The net donor concen-
trations ND -N 5 Were obtained from Hall measurements, whereusthe total ionized impurity
concentrations ND +N p were obtained from 77 K mobility analysis.” It is clear that substantial
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reductions in ND + N A have been achieved. As shown in Fig. [-1, a reduction of 50 times was
attained for films with the lowest net donor concentrations.

Results of photoluminescence measurements made at 80 K on two n-type silicon-doped films
and on two p~type undoped films with different hydrogen pressures are shown in Figs. I-2 and I-3,
respectively. The electrical characteristics of each film are shown in the insets. The dominant
effects of the hydrogen in each case are the large reduction in intensity of deep-level lumines~
cence and an increase in band-edge luminescence. The deep~level luminescence with maxima
at 0.88 eV in the n-type films and at 0.80 eV in the p-type samples is believed to be due to oxy-.
gen or oxygen complexes.‘i

c
14903 ev. 1.4927 eV

Tr12K

—— 288 B, +5x10° Torr #,
2 151230V

——— 288 Pn' «1x107 Torr Hy

Fig. I-4. Effect of Hz ambient pressure
on band-edge photoluminescence in p-GaAs
MBE films.
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The band-edge luminescence spectra for samples 28A and 28B were examined more closely
at 10 K and are shown in Fig.I-4. The peak at 1.512 eV is attributed to recombination of an ex-
citon bound to a neutral acceptor, and the double peaks at 1.4927 and 1.4903 eV are believed to
be due to free electron to carbon acceptor and donor to carbon acceptor pair transitions, respec-~
tively.5 Although this doublet is not always seen, the relative intensity of the 1.512-eV peak always
increases relative to the carbon acceptor transitions when excess hydrogen is added during
growth. This result suggests that the number of carbon acceptors is reduced when H, is pres-
ent. The peak at 1.4060 eV is attributed to Mn on a Ga site.6 Phonon replicas are also observed.

It appears that the dominant effect of the introduction of hydrogen during MBE growth is to
reduce the incorporation of oxygen in the epitaxial layer. It may also be inferred from the 10 K
photoluminescence results and from the reduction in acceptor concentration that less carbon is
introduced into the GaAs epilayer when the hydrogen is present. Carbon and oxygen are the
major constituents of the residual gases in the vacuum system, which are predominantly CO,,
Cco, 0,, H,0, and several hydrocarbons. Although the partial pressures of these gases are
in the range of 10~ B to 10° 43 Torr, they are in quantity adequnte to dope the films at the ob-
served levels even with sticking coefficients as low as 10"

It is clear that the lower limit of the total impurity concentration will depend on source and
system contaminants as well as residual gas levels. As indicated in Fig.I-1, this limit may not
have been reached in these experiments, and further reduction should be possible by careful ad-
justment of incident dopant flux and of surface stoichiometry.
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II. QUANTUM ELECTRONICS

A. TUNABLE Ni:Mng LASER

A CW-pumped Nl:Mng laser has been operated in a 3-mirror cavity with a birefringent
tuning element, and has been continuously tuned over a 460-crn"'1 range from 1,61 to 1.74 um,

A schematic diagram of the 3-mirror cavity is shown in Fig.II-4. Two of the mirrors are
inside th2 vacuum section of a liquid nitrogen Dewar. The angle between the two arms of the
cavity is chosen such that the astigmatism introduced by a 1-cm-long Ni:Mng Brewster-angle
crystal is canceled by that of the spherical mirror.i The design yields a minimum beam area
of about 1.5 X 10'4 cmz for the TEM oo mode inside the crystal. The tuning element is a single
plate of crystalline quartz, 1.4 mm thick, oriented with the "c"-axis 57° away from the surface

normal.
|- 50cm P .
\ r DEWAR w7 ] |lll 14845 Il
M BIREFRINGENT
| TUNING ELEMENT
2 f N p ,, 1.6)-
PR CE iy E e — BEE L7 ’ S - TO 1.74-um
h ouUTPUT
BREWSTER TPUT
1-cm-LONG WINDOW Sfa:gn
Ni:MgF,
CRYSTAL
(on 77 K cold finger)
1.33-pum
PUMP BEAM

Fig.1I-1, Diagram of Ni:MgF, 3-mirror-cavity laser.

Initial results have been obtained with a 0.65-wt% Ni crystal, which absorbs about 50 percent
of the 1.33-pm pump radiation. The lowest absorbed power laser threshold was 22 mW, found
with a 0,2-percent transmission output mirror and no tuning element in the cavity. The TEMoo
pump beam radius at the crystal was about 50 um. In Fig.II-2 we show the power-output-vs-
wavelength curve for the laser with the tuning element inserted, with a 1-percent tra: “mission
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Fig.1I-3, Projection of K5NdLizF10 crystal structure perpendicular to c-axis.
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f Fig.II-4, Room-temperature fluorescence of KgNdLi,F oo uncorrected
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output mirror, and for an absorbed pump power of 530 mW, The maxima in output power cor-
The lowest laser threshold for this configura-

LW

respond to maxima in the fluorescence spectrum,

tion was about 90 mW,
For the ratio of pump power to threshold pump power achieved in the measurements indicated

¢ in Fig. II-2, we expect a wider tuning range and more rutput power than observed. The total
cavity loss as a function of pump power was determined by ringing frequency measurements
and was found to be constant, about 2.8 percent, with a 1-percent output coupler but no tuning
element, Thus, pump-power' dependent Josses, which would affect the actual pumping ratio,

Numerical computations of the laser rate equations,

7 ot

were not being generated in the crystal.
taking into account the three-dimensional variation of pump intensity and laser-mode intensity

inside the crystal, are being undertaken to predict the laser efficiency, both to discover how
much the predictions disagree with experiment and to find the optimum size and location of the

pump beam waist in the crystal. P. F. Moulton
A. Mooradian

B. LASING AND FLUORESCENCE IN K5NdLisz

We have synthesized a new Nd compound, KSNdLiZF 10 (KNLF), and have measured some
of the lasing and fluorescence properties of Nd3+ in this material, This is the first stoichio-

‘ metric Nd fluoride in which stimulated emission has been obtained, and a comparison of its

characteristics with those of the recently investigated stoichiometric Nd oxides (such as
NdPSO‘ 4) may provide information on some of the important energy transfer and relaxation
mechanisms in these high-Nd-concentration materials.

Initially, crystals were grown from a charge of NdF3:9 LiF:6 KF in a closed graphite cru-
cible in an argon atmosphere. After equilibration at 900°C for several hours, the charge was
slowly cooled to room temperature, and small crystal platelets were manually separated from

j the flux matrix,
The structure and thus the composition of the crystals were determined by using the single~

crystal x~-ray heavy-atom method. (Now that the composition of the new material has been found,
' it is likely that improved crystal growth can be achieved by using a growth charge of this same
composition.) The space group is orthorhombic, Pnma, with lattice constants a = 20.6519 ./oi.
b = 7.7787 K, and ¢ = 6,9017 A. A projection of the crystal structure is shown in Fig.II-3. The
Nd point symmetry is m, with 8-fold coordination to surrounding F~ ions. The Nd”_+ concentra-
B tion is 3.61 X 1021 cm's, and the smallest Nd-Nd separation is 6,73 A.

Fluorescence and lasing data were taken with a platelet 0,3 X 0.8 X 0.4 mm, with the a-axis
{' (the lasing direction) perpendicular to the broad face. The 4F3 . 419 /2* 4l1 1/2 fluorescence
? spectra were obtained at 300, 70, and 2 K, using CW excitation from a rhodamine-6G dye laser
' to pump the 580-nm Nd3+ absorption band. Figure 1I-4 shows the room~-temperature fluores-
cence into the 419 /2 and 41“ /2 manifolds. At room temperature the 4F3 /2 - 411 1/2 emission
consists of six well-resolved broad peaks, with the two strongest at 1048 and 1052 nm, having
full-widths ~ 25 cm". At low temperatures, the emission lines become quite narrow, indicat-
i ing that the room-temperature broadening is homogeneous. Although the low Nd site symme-
try m does not impose any selection rules, changes in relative intensity among the components
are obgerved in different polarizations, The low-temperature 4l=‘3 /2 splitting is 50 cm'l, de-
creasing slightly to 45 cm'1 at room temperature. The energy levels as calculated from the
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77 K fluorescence spectra are shown in Fig. II-5, with the dominant laser transitions at room
temperature, The ﬂuorescent lifetime of the 4F3 /2 manifold was measured using pulsed excita-
tion in the 800-nm Nd absorption band. The lifetime increased smoothly from 300 psec at
room temperature to 640 psec at 2 K. This is in striking contrast to the behavior of Ndl"‘_,,O1 4
(NPP), in which lifetime is independent of temperature. One factor contributing to the long
lifetime may be the large separation between nearest-neighbor Nd3+ ions.

Lifetime measurements were also made on polycrystalline samples containing the rare
earth (RE) Ce or La as well as Nd, which were prepared by a different technique. X-ray-
diffraction analysis showed that these samples contained some amounts of a KNdx(RE) 1-xF 4
phase, but data obtained using spectral discrimination of the emission wavelength indicated that
the lifetime of the KsNdy(RE‘)‘_yI..{zF1 o Phase changed little with Nd concentration over a con-
siderable range of y (qualitatively estimated from the starting charge composition). Both the
temperature dependence and the preliminary concentration quenching behavior indicate that the
energy migration and cross-relaxation processes may be significantly different in KNLF than in
the stoichiometric Nd oxides.

Laser emission was obtained with the platelet sample in the center of a nearly concentric
10-cm-long resonator. Collinear pumping by a chopped CW dye laser (A = 586 nm) was used,
with approximately 40 percent of the pump radiation absorbed in the 98-pm-thick sample. The
lowest threshold absorbed power was 1.4 mW, with a 0,2-percent transmitting output mirror,
With an output transmission of 1 percent, the threshold power increased to 2.1 mW, and a
19-percent slope power efficiency was measured. Using a value for the internal round-trip loss
of ~2 percent (calculated from the slope efficiency), we can compare the performance of KNLF
with NPP under the same experimental conditions. Taking typical NPP laser parameters mea-
sured previously, we estimate that the product of the KNLF effective cross section and lifetime,
or, is roughly 1.2 times that of NPP. The effective ( F, /2 mpulstlon-wetzhted) cross section

for KNLF at a wavelength of 1048 nm is about 0.8 X 10"9 cm « 'At higher pump levels, emis-

sion at 1052 nm was observed, polarized orthogonally to the 1048-nm emission, Lasing was
also observed with the sample mounted at Brewster's angle, but with higher threshold.
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With its relatively long spontaneous fluorescent lifetime, KNLF may be an attractive candi-
date for miniature pulsed-laser devices in which Q-switched operation is enhanced by efficient
energy storage in the laser material. S.R. Chinn A. Lempickif
H.Y-P, Hong B. McCollum?
M. Bayard

C. EFFICIENT, TWO-STEP FREQUENCY TRIPLING
OF CO,-LASER RADIATION IN CdGeAs2

Second-harmonic generation (SHG) of C02-3laser radiation has been obtained in CdGeAs2
crystals at efficiencies in excess of 25 percent;” however, the highest conversion efficiency re-
ported for third-harmonic generation (THG) in CdGeAs2 is 10'6 (see Ref,4). Although part of
the problem of obtaining high THG efficiency lies in the difficulty of obtaining crystals with ac-
ceptable optical transmission in the 3.2- to 3.6-pm range, a few such crystals have been obtained.
A more fundamental limitation is due to the relative values of the third- and second-order sus-
ceptibilities in CdGeAsz. This is shown in Eq. (II-1) which gives the relative intensities of SHG

{I(2w)] and THG (I(3w)] for a weakly focused pump intensity I{w) (see Ref. 5):

13w) _ 187 ( °n ¥ ‘
e (deff I(w) (11-1)

where cq and deff are effective third- and second-order susceptibilities, respectively. Since
(cﬂ/deft) - (1.6 +0.8) x 10™% (Ref. 5), it is clear that extremely high intensities, probably ex-
ceeding damage thresholds, would be required to achieve efficient THG. Equation (II-1) ignores
absorption effects, which generally will further reduce the relative THG output.

Alternatively, frequency tripling can be achieved by a two-step process in which one crystal
is used to generate a second harmonic that is then sum-mixed in a second crystal to produce the
third haz‘monic."'7 Sum-mixing efficiency is comparable to that of SHG. Hence, significant
overall frequency-tripling efficiencies can be obtained using CO2 lasers operating at easily at-
tainable intensity levels subject, of course, to having crystals which are phase matchable and
have sufficiently low absorption losses at all three frequencies.

We have carried out frequency-tripling experiments by the two-step process using a mini-
TEA la.ser8 as the fundamental source and two CdGeAs2 crystals. The first crystal was cut for
type I SHG phase matching. Since CdGeAs2 is a positive birefringent material (ne > no), the
fundamental is applied as an extraordinary wave and the second harmonic emerging from the
crystal is an ordinary wave., Thus, the transmitted fundamental and the second-harmonic waves
leave the crystal with mutually orthogonal polarizations.

This is the desired geometry for pumping a second CdGeAsz crystal cut for type II phase-
matching and oriented so that, relative to the second crystal, the entering fundamental and
second harmonic are ordinary and extraordinary waves, respectively. The emerging third har-
monic is an ordinary wave.

The SHG crystal is 12 mm long and has yielded internal SHG conversion efficiencies up to
26 percent when pumped by the mini-TEA laser under the same conditions as those used in the
frequency-tripling experiment. The mixing crystal is 4.5 mm long. The initial experiment was
performed with the two crystals placed next to each other in a single liquid nitrogen Dewar.

t GTE Laboratories Incorporated, Waltham, Massachusetts.

11

T

1 s o




This arrangement has the disadvantage of not permitting rotation of the crystals relative to each
other to optimize each stage independently, However, a two-Dewar arrangement requires two
extra windows and a refocusing lens. These elements can lead to considerable reflection and
absorption losses, as well as losses due to achromatism in the lens. In addition, the greater
distance involved will lead to increased walk-off loss.

The first crystal had been antireflection (AR) coated for SHG, with a transmission factor
of 0,97 at 10,6 um at the entering surface and factors of 0.96 and 0.81 at the output face for 5.3
and 10.6 um, respectively. The mixing crystal was also AR coated, with transmission factors
of 0.93 and 0,84 at the input face for 5.3 and 10,6 pm, respectively, and 0,96 for 3.5 pm at the
output face. The mini-TEA-laser output was apertured to give a TEMO0 mode at 10,6 um which
was weakly focused at the sample position, The calculated spot size at the sample is W
700 um, and the confocal parameter b ~ 30 cm. The laser repetition rate was 40 Hz.
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The results of the frequency-tripling experiment are shown in Fig,11-6. Both the input and
output values shown in the figure represent average power external to the Dewar, At the lower
input values the third harmonic follows the expected cubic relationship, with saturation effects
appearing at the higher input levels. The efficiency is still increasing at the highest point shown,
which corresponds to an average external conversion efficiency of 1.5 percent. When reflection
losses at the Dewar windows and crystal surfaces are taken into account, this corresponds to
an overall internal conversion factor near 3 percent., In addition, the widths of the fundamental,
second-, and third-harmonic pulses were approximately 90, 65, and 45 nsec, FWHM respec-
tively, so peak conversion efficiency is about twice the average value.

The frequency-tripling conversion efficiency obtained by the two-step process is several
orders of magnitude greater than that which has been obtained by THG in a single CdGeAsz
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<:rystal.4 However, efficient THG of a COz laser has recently been achieved by resonant en~
hancement of the nonlinear susceptibility in cryogenic liquids (see Refs.9 through 14, and Sec. D
below). By this technique, conversion efficiency as high as 2 percent has been obtained with a
120-nsec COz-laser pulse,“ and 4 percent with an 8-nsec pulse (see Sec. D below). It is esti-
mated that 10-percent efficiency should be attainable by this method.9

It is of interest to consider briefly some of the relative merits of the two techniques. In
addition to the simplicity of the experimental arrangement, a major advantage of frequency
tripling with CdGeAs crystals is that it can be obtained with all the CO -laser lines while the
use of cryogenic llquids limits the frequenctes obtainable to those for whlch resonant suscepti-
bility enhancement occurs. The number of frequencies obtainable can be increased significantly
by 4-wave sum- and difference-frequency mixing using two CO2 TEA lasers, but at the cost of
some added experimental complexity. On the other hand, efficient conversion by the two-step
frequency-tripling process requires that the SHG crystal operate near its damage threshold,

which is over an order of magnitude lower than that of the cryogenic liquid. 9.2

A major problem
is the paucity of CdGeAs2 crystals with sufficiently low optical absorption in the 3.2~ to 3.6-pm
region to be useful, and those available generally have a small cross-sectional area {4 X 4 mm
is typical).

The size limitation, coupled with the lower damage threshold, restricts the total energy
which can be frequency tripled with CdGeAs2 crystals. Hence, this technique lacks the scal-
ability available with cryogenic liquids, which can be expanded for use at very high energies.
However, its relative experimental simplicity, coupled with its ability to function at all COZ'
laser frequencies, makes frequency tripling with CdGeAsZ crystals an attractive alternative for
relatively low-energy (< 0.4 J) applications. N. Menyuk

; G. W, Iseler

D. SCALABLE AND EFFICIENT 9.36-pum THIRD-HARMONIC

GENERATION USING A DOUBLE-PASS GEOMETRY

We have extended our mes.surementsi 2 of third-harmonic generation (THG) of the CO
laser in liquid CO-O mixtures both by employing a double-pass configuration and by making
initial measurements with a short-pulse CO oscillator-amplifier system.

For nonlinear optical systems which are input energy limited, multi-pass techniques pro-
vide a straightforward enhancement of the conversion efficiency. For systems which are limited
by the other effects, multi-pass techniques provide similar advantages to increases in the inter-
action length, but without the reduced phasematching tolerances that are inherent in longer in-
teraction lengths. For Kerr-effect nonlinearities, multi-pass techniques allow the possibility
of correcting the phase shifts and distortions of the optical waves in between passes of the non-
linear medium. This physical separation of the active nonlinear medium and the Kerr-effect
compensation medium siguificantly enhances the experimental possibilities.

The wavevector mismatch Ak = k4 + k1 + k2 + k3 between the various optical waves in a
4-wave mixing experiment is an important parameter which must be controlled to optimize the
process. In multi-component systems, it is often difficult to determine the relative contributions
to Ak without an extensive series of measurements since variations in the relative concentra-
tions may vary other parameters such as the nonlinear susceptibility x(” as well as Ak, Inter-
ference effects that arise between the waves generated in each pass of a multi-pass system pro-
vide a simple method for determining Ak independent of these other effects. We have used a
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double-pass system to measure Ak = ks — 3kw for THG of the CO2 laser at 1069 cm" in liquid
CO-Oz mixtures. It is important to note that the scale of these interference fringes is set by
Ak, not by k, and they therefore correspond to relatively coarse and easily measured and main-
tained fringe spacings. The Ak that we obtain varies linearly with CO concentration from

Akoz =3.7cm™in pure O, (T = 77 K) to Ak = =86 em™? in undiluted liquid CO at 77 K.
In the double-pass geometry, we use a mirror to refocus both the fundamental and third-
harmonic beams emerging from the first pass of the liquid cell back into a nonoverlapping spatial
region in the same liquid mixture (Fig.I1-7). This is the first use of a multiple-pass configura~
tion in a tight-focusing geometry where the nonlinear medium necessarily exhibits substantial
wavevector mismatch between the fundamental and third-harmonic frequencies. Double-pass

experiments have previously been repor'ted14 in collimated-beam experiments (Ak = 0).
LIQUID N, COOLANT
VACUUM
7 /— LIQUID C0-0,
7

Wy - T fo—rt.

P p—1

Fig.II-7. Double-pass tight-focusing geometry
for THG in liquid CO-O; mixtures.

Previously, using comparable confocal parameters and 170-nsec-duration COZ-la.ser pulses,
we were limited to an energy conversion efficiency of ~0,2 percent by laser-induced breakdown
(LIB) effects in the liquid mediu:m.13 By analogy with both gas- and solid~-phase breakdown mea-
surements, it was clear that using shorter-duration COz-laser input pulses would result in an
increased intensity threshold for the LIB process and a higher third-harmonic conversion effi-
ciency. Using a single longitudinal mode COZ TEA laser oscillator~CdTe modulxa.tor-CO2 TEA
amplifier configura_tlon, we have generated 8-nsec-duration COZ-laser pulses. We find that
the LIB intensity threshold scales inversely as the square root of the laser pulse duration 7
for pulse durations between 8 and 200 nsec and focal spot sizes of approximately 100 um for all
the cryogenic liquids we have. investigated (CO, 02, NZ‘ and Ar). For 8-nsec pulses and a spot
size v, of 120 um, the LIB intensity threshold for liquid CO is approximateilg 3 x 1010 W/cmz.

- Details of the laser system and LIB measurements will be given elsewhere. This scaling
law implies that the LIB limit to the THG efficiency is inversely proportional to fp.

With the double-pass geometry, using 8-nsec~duration COz pulses and confocal parameters
of approximately 1 cm, we have obtained a third-harmonic energy conversion efficiency of
4 percent. In a single-pass geometry, the THG efficiency in this experiment was 3.3 percent.
Both of these efficiencies were limited by saturation effects; efficiencies in excess of 20 percent
would have been achieved if the THG signal had increased as the third power of the input intensity
up to the LIB threshold. The origin of this saturation behavior is presently not understood. We
are undertaking an extensive experimental and theoretical program to evaluate the possible
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mechanisms. In the present context, it is important to note that the use of the double-pass con-
figuration results in an increase in the conversion efficiency, independent of this saturation

behavior. S. R. J. Brueck
H. Kildal

E. INVESTIGATION OF Hg,* AS A DISCHARGE-PUMPED

OPTICAL STORAGE MEDIUM

High-pressure mercury vapor is known to possess several characteristics which make it
attractive as a medium for an efficient, high-power laser in the near-ultraviolet, One of the
most important of these characteristics is the collisional and radiative metastability of the lower
molecular excimer states. Theoretical predictions as well as several recent kinetic studies
have shown that in thermal equilibrium at reasonable temperatures nearly all the ng excimer
population resides in the lowest lying 0% excited states (see Fig. II-8). These are located sev-
eral thousand wavenumbers below the upper state of the prospective laser transition 1u -0 +(X)
and are not coupled to the ground state by a single-photon radiative transition. We will describe
below our progress on experiments designed to determine the feasibility of extracting the energy
stored in the 0: levels by means of an intense infrared pulse.
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The energy stored in the 0; storage states may be extracted by Raman or optical-pumping
processes terminating in bound or free levels of the ground state, where the 1 - level acts as a
virtual or real intermediate level, Calculation shows that among these processes, optical pump-
ing possesases the highest gain per infrared flux. We have therefore begun with a characteriza-
tion of this process. ;

Optical pumping of the O: - ‘u transitions has been previously observed in both optically
excited and discharge-excited mercury. However, in order to establish the potential of this
process as a practical extnctlpn technique, it is necessary to determine the absolute value of
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the pumping cross section and the variation of this quantity with the infrared-pumping wave-
length. It is also necessary to understand the kinetics of the relevant absorption and deactiva-
tion processes.

The infrared-pumping experiments were carried out with the multiline output of the HF, DF,
and HBr lasers and with single lines of the HF and DF lasers. The efficiency of the optical
pumping of the 0; - 1u transitions was observed to be nearly independent of the infrared wave-
length used. This means that in a practical extraction scheme, a multiline HF laser can be
used. However, the induced ultraviolet spectrum for the 1u -0 +(X) fluorescence showed a
marked dependence on the infrared wavelength, indicating that a significant unrelaxed population
of 1u level exists. This allows the wavelength for gain in the mercury excimer system to be
"tuned" over a limited range by choosing the infrared extraction wavelength.

There is no sign of saturation in the induced fluorescence with a multiline infrared laser
flux of up to 7 MW/cmz. This indicates that influx into the specific storage levels does not limit
the pump rate even at these intensities. Enhancements of greater than 10 in the integrated ultra-
violet band have been observed. However, much larger enhancements at specific wavelengths
were measured in the wings of the emission spectrum. The data have thus far been limited to
atomic densities greater than 5 X 10” cm'3. At these densities the pumped states are highly
quenched. It is therefore important to extend these measurements to lower densities where the

decay of the 1u state will be radiatively limited. D. J. Ehrlich

R. M. Osgood, Jr.

F. EFFICIENT THALLIUM PHOTODISSOCIATION LASER

Lasers which are based on the photolysis of molecular species into electronically excited
atomic or molecular fragments are attractive candidates for efficient high-energy gas-laser
systems. This is a result of the fact that radiative dissociation can be very specific as to frag-
ment excitation, and many such dissociative absorption bands are well matched in frequency and
bandwidth to ultraviolet excimer sources. Despite this, photodissociative lasers have been in-
efficient (<4 percent) to date®

We describe here a highly efficient, viz 35-percent quantum efficiency and 14-percent energy
efficiency, photodissociation laser which emits at either 535 or 378 nm, or both. In addition,
we report on measurements of the output line profile of this laser which we have made with a
scanning Fabry-Perot interferometer,

The laser operates by photolyzing thallium iodide (T?I) into the excited T¢ 7zSi /2 state
(along with unexcited I) with the i93-nm output of an ArF laser. Laser action occurs at the
535- and 378-nm wavelengths of the ™ S‘/z —~ 62 P3/Z and 7281/2 = g* Pl/z transitlons. T!I
was selected because it is known to have a high quantum yield of dissociation into Tt 7 S 2
near 200 nm (>40 percent). Adequate vapor pressure of T!I was obtained by henting the salt
contained in a 5-cm quartz cell in an oven to between 250° and 400°C, After each laser pulse,
the dissociation fragments recombined on a time scale rapid compared with the 1-sec interpulse
spacing. ;

Because of the large transition moment for both the visible and ultraviolet transitions, the
laser operated in the superfluorescent mode. A measurement was made of the 535/378-nm
power ratio as a function of the T! z'Izsi /2 density, and it was found to vary in a manner which
was consistent with the relative stimulated-emission cross-section and saturation behaviors.
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The results of measurements of the ArF to T! laser conversion efficiency are shown in
Fig.11-9. At inversion densities far above threshold, the conversion follows a slope efficiency
of 14 + 3 percent, corresponding to a quantum conversion close to that anticipated from the
photodissociation quantum yield of the parent compound. At high absorbed energies, spatial
nonuniformities in the T! 'lzs1 2 distribution cause a reduction in the T{ laser output,

A previously unexplored, but nonetheless extremely interesting, aspect of atomic photodis- 3

gsociation lasers has been their linewidths. Since photolysis of a low-pressure medium leaves

the excited photofragments in a collisionless environment, analysis of the resulting emission
lineshape reveals details of the photodissociative mechanism. In our laser, at typical pressures
the T!? 2S1 , atom radiates before undergoing a collision; hence, the laser, Doppler-broadened
linewidth should be characterized by a superthermal average velocity, which reflects the trans-
lational energy imparted to the T2 atom during dissociation., Preliminary measurements indi-
cate this is true in our case. Figure I1-10(a-d) shows a typical Fabry-Perot scan of the T!-
green line at four different T!I pressures (and hence different 535-nm laser energies). The :
two widely spaced features result from laser emission from the two upper-state hyperiine levels. ;
As may be seen, the laser may be made to lase from a single upper level by operating near ‘
We are currently investigating the source of the splitting in each line which increases |

AR R b b

threshold.

with pressure or 535-nm laser energy. D. J. Ehrlich
J. Maya

R. M. Osgood, Jr.

f GTE Sylvania, Danvers, Massachusetts.
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Fig.11-10, Fabry-Perot scans of 535-nm laser line vs increasing
absorbed energy density. (a) 15 uJ/cm>, (b) 40 pJ/cm>, (c) 90 pJ/cm’,

and (d) 1300 pJ/cms. Fabry-Perot finesse is 31, free spectral range
is 27 GHz.

G. REAL-TIME SPECTRAL ANALYSIS OF FAR-INFRARED-LASER PULSES

USING A SAW DISPERSIVE DELAY LINE

High-power, optically pumped submillimeter lasers have recently been developed for use
in plasma diagnostics, We report here a novel technique, using harmonic heterodyne detection
in conjunction with a surface acoustic wave (SAW) dispersive delay line, to perform a real-time
spectral analysis of the laser signal. In our initial experiments, we have resolved the contribu-
tion of three narrow longitudinal modes to a 385-um DZO laser's spectral linewidth, Further-
more, we have obtained confirmation that the mechanism of lasing is via a stimulated Raman -
process which tunes with a linear dependence on pump frequency,

Characterization of these high-power lasers has heretofore been particularly difficult since
the repetition period of the 100-nsec laser pulses is typically from 1 to 10 sec. Because of the
variability of the pulse behavior from shot~to-shot, all the desired frequency information must
be obtained on one pulse. This last constraint effectively limits the useful role of high-finesse
Fabry-Perot interferometers, which determine only average characteristics. A transient digi-
tizer can, of course, be used with a computer capable of performing near-real-time Fourier
transformation. However, use of a SAW dispersive delay device provides a simple method of
obtaining real-time pulse spectral analysis in this type of experiment.
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Fig.11-11. Experimental setup for pulsed heterodyne experiment. SAW
device is used to perform a real-time spectral analysis of optically pumped
D20 submillimeter laser signal,

In pulse measurements that involve frequency analysis, the laser signal must first be het-
erodyned with a local oscillator to produce an IF which is then processed to provide the desired
information. Figure II-11 is a diagram of the overall setup. In our experiment, we mix the
submillimeter laser pulse at 779 GHz (385 um) with the 11th harmonic of a tunable V-band kly-
stron in a GaAs Schottky-diode mixer, producing an IF of 420 MHz. The mixer diode was of
the planar, surface-oriented type used in an open mount. The signal then proceeds to the
LiNbO3 dispersive delay line and is displayed on a high-speed storage oscilloscope.

The essential concept for the present application is that frequency components lying within
the 100-MHz bandwidth of the SAW device (also called a reflective-array compressor, or RAC)
centered at 420 MHz will be delayed from 4 to 20.3 usec with a linear dependence on frequency,
a constant 4-psec delay plus a dispersive delay of 16,3 usec. The display on the scope then ef-

fectively becomes equivalent to that of a spectrum analyzer. The success of this technique relies

strongly on the fact that the signal processing takes place subsequent to external electrical
pickup noise. A variable 200-nsec gate further aids in minimizing the electrical noise by allow-
ing signal input to the SAW device only while the 100-nsec laser pulse is on, '
The RAC used as the frequency dispersive element was originally developed for use as a
radar pulse expander ind compressor with wide bandwidth and large compression ratio. The
basic RAC. configuration is shown as part of Fig.11-14, The input and output interdigital trans-
ducers convert an electrical signal to a Rayleigh SAW, and vice versa, respectively. The
oblique grooves in this device have a spacing that increases as a function of distance from the
input transducer. The surface wave is strongly reflected at a right angle at a point in the re-
flective array where the groove spacing in the propagation direction matches the wavelength of
the surface wave. A second reflection in a symmetrically placed mirror-image grating sends
the wave to the output transducer. The groove positiors are established such that the surface
wave travels from input to output along a path whose length (and group delay) is a linearly
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TABLE 11-1
PARAMETERS OF REFLECTIVE-ARRAY COMPRESSOR

Center Frequency

Bandwidth Af

Dispersion T
Dispersion-Bandwidth Product
Constant Delay

Material

Insertion Loss

420 MHz

100 MHz

16.3 psec

1630

4 psec

LiNbO3

30 dB (flat across passband)

T [eiass0-2

—| | 30.67MHz .

(b)

Fig.11-12. Oscilloscope display of output
of SAW dispersive delay line: (a) shows,
as a function of frequency, single-mode
laser signal at low laser output powers;
(b) displays three 1longitudinal modes,
generated at high laser powers.
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increasing function of frequency, a so-called up-chirp. The RAC used in the present experiment
was conventional in design; its parameters are given in Table II-1,

The number of resolvable frequencies is proportional to (TAf)i/ z, where the proportionality
constant is of the order of unity and depends on the precise definition of the resolution. For the
present case, the RAC device provides approximately 40 resolution elements or, equivalently,

a resolution of about 2.5 MHz. In order to produce a nondeformed spectral image, the require-
ments 3/2NTAf £ T/t € TAf/4, where 7 is the pulse duration, must be satisfied. For our case
7 = 100 nsec, so that 60 < 160 < 400,

Figure II-12(a) shows the output of the delay line when heterodyning the harmonics of a
V-band klystron with a single mode of a DZO laser pulse from a relatively low-power (~200-kW)
submillimeter laser. The total linewidth is seen to be about 7.5 MHz and is quite reproducible.
The 30.67-MHz coordinate axis derives from the 16.3-psec dispersion over a 100-MHz band-
width, Figure I1-12(b) shows the same laser operating at higher pump and higher output powers
(~4 MW). Although every shot is somewhat different in amplitude distribution, we have been
able to determine the presence of up to three narrow, adjacent longitudinal modes of the 4-m-
long oscillator cavity. The frequency of the V-band was determined by mixing with a multiplied
X-band stabilized reference to which it can also be locked. This has allowed the V-band to be
tuned, the bandwidth of the measurement to be extended, and verification to be obtained that all
the modes have been observed. The detection of these narrow modes is a particularly important
result since Fabry-Perot studies had indicated that the high-gain DZO lasing medium may be
generating a broad spectral band several longitudinal modes wide.

At the highest pump levels, the 385~um DZO laser is expected to be predominately a stimu~
lated Raman process. In this regime of operation the submillimeter output frequency is a linear
function of the COz pump frequency. This has been observed in recent mea.surementsm using
a Fabry-Perot interferometer and tuning the COA2 with ZnSe etalon in steps of 142 MHz. Now,
using the RAC device and tuning our local oscillator, we have been able to follow the submilli-
meter output continuously through several hundred megahertz, This represents a definitive
determination that emission is by a stimulated Raman process, and indicates the potential of
using this laser system as a source of continuously tunable high-power radiation.

We believe that this is the first time a SAW dispersive filter has been used to obtain a
Fourier transform of a laser pulse for the purpose of studyirg a laser's spectral characteristics.
The output of a dispersive delay line is actually the Fresnel transform of the input signal. If
the time extent of the input signal falls within the limits discussed previously, the Fresnel trans-
form is an adequate approximation of the Fourier transform. This condition holds in the present
‘case; moreover, knowledge of the precise arrival time of the pulse allows exact determination
of the frequency-vs-time relation. If these conditions are satisfied (as they are, in fact, in
many pulsed-laser experiments), it is possible that this technique will find applicatfon in areas
such as optical radar signal processing as well as in the spectral analysis of fast, time-~
dependent laser-related phenomena. An extension of this type of signal processing, the chirp
transform, is more complex, but has a wider potential in other areas involving spectral anal-
ysis of fast, time-dependent phenomena. H.R. Fetterman  R.C. Williamson
P.E. Tannenwald P, Woskoboinikow!

C. D. Parker H. C. Praddaude!
J. Melngailis W. J. Mulligant

t National Magnet Laboratory, M.LT. (work supported by DOE).
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IIlI. MATERIALS RESEARCH

A. UTILIZATION OF Sn-DOPED In2 3 (ITO) FILMS IN FABRICATION

OF GaAs SOLAR CELLS

In order to investigate the possibility of using ITO films in the fabrication of GaAs solar
cells, we have developed a technique for the reproducible deposition of highly transparent, highly
conducting ITO films by means of ion-beam sputtering. Two possible applications are under
study: the utilization of I'TO/GaAs heterojunctions to form charge-separation barriers, and the
employment of ITO films to form a transparent ohmic contact to the upper n*-GaAs layer in
shallow-homojunction cells. If either application proves feasible, the use of ITO films in poly-
crystalline cells would be particularly advantageous, since these films would provide an upper
cell surface with much lower lateral resistance than polycrystalline GaAs, permitting the use
of less-extensive metal grids for current collection.

We previously x‘eported'rI a method for depositing high-quality ITO films by RF sputtering.
However, RF sputtering generally produces a large amount of surface damage and sample heat-
ing. The new technique using ion-beam sputtering was developed to avoid these disadvantages.
Deposition is carried out in a modified commercial sputtering system (see Fig. III-1) that has a
substrate platform which can be rotated in order to insure uniform film thickness. In experi-
ments using glass substrates, it was found that the electrical and optical properties of the films
are extremely sensitive to the 02 pressure (poz) during deposition, as we had previously shown

for the RF-sputtered films. By accurately controlling PO which is monitored with a residual
2

gas analyzer, we can reproducibly obtain high-quality films at substrate temperatures below
100°C. For our deposition conditions, the optimum value of po is about 3 X 10~ Torr (N2 equiv-

alent). Films prepared under these condiuons have resistivitles of 6 to 8 X 10~ Q -cm (with

20 :m™3 and Hall mobilities of about 30 cm®v ™ 1sec™?)

and visible transmission greater than 80 percent. If Po is less than the optimum value, the
2

electron concentrations of about 3 X 10

resistivity remains almost the same but the transmission decreases; if Po is greater than the
2

optimum value, the transmission does not change very much but the resistivity increases rapicly.

To investigate the barrier properties of ITO/GaAs heterojunctions, ITO films about 5000 A
thick were deposited by ion-beam sputtering, using the optimum conditions described, on n+ and
p+ single-crystal GaAs wafers and on n and p epitaxial GaAs layers grown by CVD on such
wafers. The as- deposlted films formed ohmic contacts to the n* wafers, which had carrier con-
centrauons of 5 X 10 and 8 x 10 '3. Ohmic contacts to the p wafers (concentration of
9x10'® cm” ) were obtained by annealing for 1 sec at 150°C in flowing N;. Poor barriers were
formed by as-deposited films on n-layers (concentrations between 1 X 1016 and 5 x 1017 ecm™3);
the barrier height was increased slightly by annealing in N, at temperatui'es up to 400°C, but
the open-circuit voltage vo e remained below 0.2 V for solar cells fabricated with these hetero-
junctions. The best barriers so far have been obtained for ITO films on p-layers (concentra-
Ms of about 5 X w“’ cm-s). These barriers remain stable up to 200°C, but degrade at higher
temperatures.

tJ.C.C. Fan and J. B. Goodenough, J. Appl. Phys. 48, 3524 (1977), DDC AD~A046983/3.

1J.C.C. Fan, F.J. Bachner, and G. H. Foley, Appl. Phys. Lett. 31, 773 (1977),
DDC AD-A053923.
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Since ITO/p~GaAs heterojunctions were found to form the best charge-separation barriers,
we have initiated the development of single-crystal GaAs solar cells utilizing such heterojunc-
tions. So far, conversion efficiencies of about 5 percent at AM1 have been obtained for 1.5-mm-
diam cells of this type. The short-circuit current density is quite high (~20 mA/cmZ), but Voc
is still quite low (~0.36 V). Figure III~2 shows the current-voltage characteristics of a typical
cell under simulated AM1 illumination. Sputter-etching the GaAs surfaces before ITO deposition
caused no significant change in the results.

Since ITO forms a good ohmic contact to nt GaAs, ITO films may be very useful for fabri-
cating shallow-homojunction polycrystalline cells. For shallow-homojunction cells in which the
metal fingers make direct contact with the upper GaAs surface, the higher lateral resistance
due to grain boundaries in thin-film cells requires a larger number of metal fihgers than in
single-crystal cells. This increase in the number of fingers not only increases the zontact
shading area but can also lead to other detrimental effects, such as increased diffusion of metal
down the grain boundaries, lowering voc'

As an alternative solution to the problem of lateral resistance in polycrystalline cells, ohmic
contact to the upper, nt GaAs surface can be made with a transparent ITO film. Because the
conductivity of ITO is lower than that of metals, a few metal fingers will still be needed, but
these fingers will make contact with the ITO layer rather than to GaAs. Preliminary results on
1.5-mm polycrystalline GaAs shallow-homojunction cells utilizing ITO contacts have been en-
couraging. The homojunctions were formed by using vapor-phase epitaxy to grow a Zn-doped
(~1 x 1017 em™3) p-layer 2 um thick, then an S-doped (~5 X 1018 em3) nt layer on large-
grained p+ wafers with crystallite dimensions up to about 1 mm. The thickness of the nt layers
is not uniform since the GaAs growth rate varies greatly with crystallite orientation. Even those
cells that include grain boundaries have quite high Voc values. Figure III-3 shows the current-
voltage characteristics of one of the better such cells under simulated AM1 illumination. The
Voc remains high, about 0.78 V, but the short-circuit current density is low, about 14.5 mA/
cm? — giving an efficiency of about 8 percent. A possible cause of the low value of the short-
circuit current density is that the nt layer may be too thick for efficient current collection.

J.C.C. Fan R.L. Chapman
C.O. Bozler F.M. Davis
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B. TEMPERATURE-PROFILE CALCULATIONS FOR A SEMICONDUCTOR

HEATED BY A SCANNED CW LASER

To assist in the development of experimental techniques for using laser heating to crystallize
semiconductor films and to anneal ion-implantation damage in semiconductors, a theoretical
model has been developed for calculating the temperature profiles of semiconductor samples
heated to temperatures below their melting points by scanning with the focused slit image of a
laser.

Lasen

Fig.IlI-4. Schematic diagram
of 3-layer structure assumed
in temperature-profile calcula-
tions for a semiconductor heated
by a scannedCW laser. Layers
1, 2, and 3 are, respectively,
T, (y) a semiconductor film, a thin

7///////////%///1 /‘/‘ S coating, and a base.
ol

T (xy)

For the case of laser crystallization, the structure treated consists of three layers, as
shown schematically in Fig.III-4: a semiconductor film (layer 1) deposited on a thin coating
(layer 2) on a relatively thick base (layer 3). The model assumes a laser beam slit image of
uniform intensity, finite width, and infinite length that is laterally scanned across the semi-
conductor film, a coating so thin that there is no temperature difference across it, and a fixed
temperature at the bottom of the base. The laser radiation absorbed in the semiconductor film
is assumed to decrease exponentially with distance, and the radiation that arrives at the surface
of the coating is assumed to be completely absorbed by the coating.

The basic heat flow problem to be solved in the semiconductor film is

2 aTi(x,y,t) .
L 7\4 Ti(x,y,t) =C0y ey ¥ Hi(x.y.t) =0 (I11-1)

where <y is the thermal conductivity, c, is the specific heat per gram, Py is the density, and
H, is the energy absorbed from the laser per unit volume. The term H, has the form:
—a,x
H,(x,y,t) = a,Je O(y + vt)
where a 1 is the absorption coefficient for laser radiation, J is the energy flux entering the
semiconductor, v is the laser scan velocity, and @(y + vt) defines the shape of the scanning
laser slit image of width 2d:

Qy +vt)
By+vt) =0 |y+vt]>d

1 |y+vt|<d

The latent heat of melting of the semiconductor is neglected in Eq. (III-1). Including the latent
heat would make the problem analytically intractable.
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For the steady state, T1 = Ti(x,y + vt), so that Eq. (III-1) becomes

BTilx,Y)

2
x1V' Ti(x.Y) —CPpyV Tyt Gi(x)?(Y) =0 (I11-2)
where
-, X 2 2
1 7. 9 9
Y=y+vt , G,(x)=a,le and V'" = + .
1 4 oxt oYl

The equations for the coating (layer 2) and the base (layer 3) are quite similar to Eq. (III-2),
except that the x-dependence is dropped for layer 2, absorption of the laser radiation in layer 2
is assumed to be averaged over the coating, and no direct laser heating is included for layer 3.

The problem is solved by Fourier analysis of the temper.ﬁture dependence in the Y-direction
(along the layer) to yield, for layer 1, a differential equation of the form

Bzri(x,k)

axz

G, (x)
1% 2 sinkd _
._r =0 (111_3)

c.p
- (kz - —‘—‘m) T (%K) + ——
K4 K4
where
o0
ryoe = (7 1y Y ay
- 00

with similar equations for layers 2 and 3. The differential equations in the 3 layers have been

solved with the following boundary conditions:
(1) 8T,/6x = O at the surface of layer 1 (negligible heat flow out of the

surface).

(2) Tl(x, Y) = TZ(Y) = T._,‘(x, Y) at the values of x corresponding to the
interface between layers 1 and 2 and the interface between layers 2
and 3 for all values of Y.

(3) Net heat flow into layer 2 is zero in the steady state.

(4) The temperature at the bottom of layer 3 is taken as the zero of

temperature.

The solution for T, (x,Y) is then obtained by computing the inverse Fourier integral of T 1 (x.K).
The terms in the resulting integrals along the real k-axis can be evaluated using contour integra-
tion in the complex plane by closing contours appropriately for three regions of Y:

—o<Y<-d , =d<Y<d and d<Y<e .

The solution for Ti(x. Y) consists of a convergent sum of contributions from the residues of the
infinite number of poles of the integrands. One of the poles occurs at k = 0; the remaining poles
occur for pure imaginary k values and must be located numerically.

A check on the correctness of the calculation is given by the requirement that the solutions,
which look formally different in the three Y regions, must match numerically at the boundaries.
This requirement is satisfied, but for some values of the parameters the contributions of up to
200 poles had to be included in order to obtain the match.
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Fig.III-5. Calculated curves of normalized temperature T' as a function of normalized
distance Y' along surface of GaAs film on Mo-coated glass base irradiated with scanned
Nd:YAG laser, for thickness values given in text. Laser scan velocities are (a) 102,
(b) 10~1, (c) 1, and (d) 10 cm/sec.
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Fig.Il1-6. Calculated curves of normalized temperature T' as a function of normalized
distance Y' along surface of 300-um-thick GaAs sample irradiated with scanned Nd:YAG
laser. Laser scan velocities are (a) 1, (b) 10, (c) 100, and (d) 500 cm/sec.
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The above solution of the heat problem has been programmed for the IBM 370 computer and
applied to a number of experimgntal situations. We shall first consider the laser crystallization
of a GaAs film on metal-coated glass. For this case, the incident radiation is taken to be a slit
image of the output of a Nd:YAG laser focused to a width of 100 um, the GaAs film is 2 pm thick,
the metal coating is a Mo layer 0.5 um thick, and the glass substrate is 1 mm thick. Figure III-5
shows plots of normalized temperature T' as a function of Y', the distance in the plane from the
center of the laser slit image, normalized to the laser image half-width d. The actual tempera-
ture is given by T' (2L12Ja1/x1), where L, is the thickness of the GaAs film. The curves give
T' at the upper surface of the GaAs (x = 0) for scan velocities of 10'2, 10'1, 1, and 10 cm/seq.
The T' curves for the bottom of the GaAs film are not perceptibly different from those for the
top surface, while those for scan velocities less than 1072 cm/sec are essentially the same as
the one for v = 0. At a scan velocity of 10 cm/sec, the energy deposition front (on the left side
of the temperature distribution in Fig. III-5) is moving faster than heat can diffuse, so that the
leading edge of the thermal distribution sharpens.

We have applied the same basic model to the laser annealing of GaAs with a CW Nd: YAG
laser by taking all three layers to be GaAs, with thicknesses of 50, 0.5, and 250 um, respec-
tively. The dependence of T' at the upper surface on Y' is shown in Fig. IlI-6 for v = 1, 10,

100, and 500 cm/sec. The temperature profile for v = 500 cm/sec (undoubtedly an impractical
case) shows a striking sharpening of the leading edge.

H.J. Zeiger
B.J. Palm
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IV. MICROELECTRONICS

A. CHARGE-COUPLED DEVICES: SAW/CCD BUFFER MEMORY

The first prototype of the SAW/CCD buffer memory devit:el'z has been tested, and
preliminary electrical performance results have been obtained. The configuration of this SAW/
CCD device is shown schematically in Fig.IV-1 and consists of a LiNbO3 delay line in close
proximity (typically 300 nm) to an array of 300 sampling fingers connected to a 300-stage CCD
on a p-type silicon substrate. The piezoelectric fields associated with the SAW are sensed by
the sampling fingers and used to modulate the charge in the signal wells. This charge is
sampled, transferred to the 300-stage CCD shift register, and clocked out at a slow data rate.

8IAS BUS O~ ol
BIAS GATE T s
SAMPLING 92::'
FINGERS LINE
SIGNAL GATE —-Iﬁlﬁ[ﬁ Cbé
SAMPLEGATE o~ M H_ P ----—("H_"H 14, v, v,
STORAGE GATE 0~ W N} - - ---DDC]
TRANSFERGATEO~{ __H__H__F - - -~ —CD-C}CI
INPUT
DIODE
¥ e, ouTPUT
INPUT . S
300-CELL CCO
) GATES‘ i’ SHIFT REGISTER ouTPUT £
4 e

Fig.IV-1. Schematic diagram of acoustoelectric
Z SAW/CCD buffer memory.

A prototype has been tested at a CCD clock rate of 100 kHz and at input signal frequencies
between 80 and 130 MHz. From the sampling theory presented earlier,1 one would expect fre-
quency folding to occur at 85. 7 and 128. 6 MHz for a surface-wave velocity of 3480 m/sec and a
finger spacing (spatial sampling period) of 40. 6 um. Frequency folding occurred in the proto-
type device at 85,6 and 128, 3 MHz, within 300 kHz of these predicted values. One would expect
the output-signal amplitude to be critically dependent upon the fall time of the 10-V negative-
going step applied to close the sampling gate when the fall time approached the 5. 6-nsec half-
period of the input signal. In fact, this fall time could be varied from 1 to 10 nsec with no
change in the output waveform. For slower edges, the output-signal amplitude dropped with
increasing transition time, as one would expect. The reason that this transition can be so slow
compared with the 5. 6-nsec half-period of the input signal is the fact that the closing of the gate
actually occurs over 1 V of the 10-V step, or in a time interval approximately one-tenth the total
transition time.

Figure IV-2 is an examplo of the full 300-cell CCD output waveform at a CCD clock fre-
quency of 100 kHz, The input signal is a 90-MHz sinusoid with a duration of 1.8 usec at an input
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Fig.IV-2. Oscillograph of SAW/CCD buffer memory operation at input
carrier frequency of 90 MHz and output clock rate of 100 kHz. Input
pulse width is 1.8 psec. :

power level of 2 W. Sampling occurs when this input burst is near the center of the interaction
region of the delay line. This input frequency is translated by the sampling process to an effec-
tive output frequency of 4.3 MHz, which is the difference between the input of 90 MHz and the
85. 7-MHz effective sampling frequency. As a result of this frequency translation, the sampled
output waveform in Fig.IV-2 has 4.3 X 1.8 = 7. 7 cycles rather than the 90 X 1.8 = 162 cycles
contained in the 1. 8-usec burst of 90 MHz at the input. The amplitude and phase of the output
signal track those of the input signal, as expected. Also, a dynamic range of 25 dB has been
observed, and with the implementation of a more sophisticated clocking scheme, a dynamic
range of 40 dB is expected.

We have used successfu’lly the acoustoelectric interaction between a piezoelectric surface
wave and a silicon CCD to implement a fast-in, slow-out buffer-memory function. This com-
pact solid-state device serves to store wideband analog signals and read them out at a slow data
rate. Devices of this type promise to provide wideband analog buffer-memory functions for as
many as 1000 discrete samples at input signal bandwidths up to 100 MHz or raore. Electrical
evaluation is continuing on this device and other samples in order to optimize the clocking wezve-
forms and to find devices with fewer spot defects.. D.L. Smythe
R. W. Ralston
B. E. Burke

.

B. BINARY SYNTHETIC HOLOGRAMS

Two hologre;phic masks consisting of arrays of rectangular apertures have been fabricated
for the Opto-Radar Systems Group for use in an IR laser radar system. Within a hologram the
minimum rectangular aperture size is on the order of 3 X 45 um. The data file used to drive
the pattern generator was created by using the l..ee3 binary decision rule. Both holograms are
designed to convert auniform laser beam profile toa spherical wavefront, and, therefore, act as
lenses.! - The two holograms differ by having different equivalent lens focal lengths. By studying
the intensity distribution at the focal point, information will be obtained about the correctness
of the computer coding technique, deviation from diffraction limited operation, resolution and
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accuracy requirements of the masks, and noise characteristics. When these properties have
been sufficiently determined, more complex beam shaping holograms will be fabricated.
Synthetic coding holograms3 consist of arrays of rectangular apertures built up from single~
size, building-block rectangles, in our case nominally 3 X 45 um. This rectangle size is also
the minimum-size aperture in the hologram. The areas of the apertures are proportional to the
amplitudes of the wavefront as calculated at the corresponding sampling locations in the holo~
gram plane. The positions of the apertures are shifted from the center of the sampling interval
by an amount proportional to the phase of the wavefront at the corresponding sampling locations
in the hologram plane. The general problem of making binary synthetic holograms is to find a
function, h(x,y), that has 0 or 1 as its value and can produce any desired wavefront by changing
its parameters. As a result of collaborative efforts with the Opto-Radar Systems Group, soft-
ware has been developed to make their programs compatible with the D. W. Mann pattern

generator.

Fig.IV-3. Test binary hologram mask
acting as a synthetic lens. Hologram is
4 X 4 mm and is constructed of 17,144
2.5- X 45.7-pm minimum-size rectangles.
Coding scheme is designed for a mask of
75-percent transparency. Illustration is
blowup of reverse-polarity 10X reticle for
this mask, which indicates character of
hologram with minimum of photographic
distortion.

Figure I1V~3 shows a test hologram acting as a synthetic lens. Thae hologram pattern was
initially generated at 10X magnification on a Kodak emulsion plate using a D. W. Mann 7600A
pattern generator. The building-block rectangle size was 1 X 18 mils on the 10X reticle, and
the hologram was built up using this size block. The first hologram, which covered an area
4 x 4 mm, was designed for 75-percent transparency, and required 17,144 exposures with a
running time of 16 hr. The second hologram, which was 6 X 6 mm, was designed for 50-percent
transparency, and required 30,101 exposures with a 24-hr running time.

The excessive running time results from the slow speed of the 1600A pattern generator and
from the problem of overfracturing. Overfracturing refers to the makeup of the pattern, which
is the hologram, by single-size rectangles. For conventional pattern-generator work, IBM 370
software is available to fracture large patterns into various-size rectangles from 6 to 3050 um
in either X or Y. However, the Lee coding technique, utilizing a single-size rectangle as a
building block, requlx"es more pattern-generator running time than the optimum set of various-
size rectangles which could be used to generate the pattern. This problem could be resolved by
a software pattern-merge program, and re-sorting using our IBM 370 program. The merge
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program would be rather difficult to write, however, and a search is being made to find such a
program outside the Laboratory.

The final 1X mask is fabricated ona 10X-reduction photorepeater using 2-X 2-in. chromium-
coated mask plates with 900 A of AZ 1350 positive-working photoresist on 1200-A chromium.5
Tests of holograms generated by contact exposure from these masks are in progress.

D. J. Silversmith

G. L. Durant
H. H. Pichler
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V. SURFACE-WAVE TECHNOLOGY

A. AUTOMATED PULSED TECHNIQUE FOR MEASURING PHASE

AND AMPLITUDE RESPONSE OF SAW DEVICES

An automated pulsed technique has been developed for measuring the phase and amplitude
response of SAW devices. Because of the long delays (up to 105 periods) and need for precise
phase response often encountered in SAW devices, particularly stringent demands are placed
on the measurement system. This is especially true in the case of the large time-bandwidth-
product dispersive delay lines for which the measurement system was originally developed.i'3

Pulsed operation provides a number of advantages not available in conventional CW network
analyzers. In order to determine the characteristics of the delayed SAW signal by means of a
CW network analyzer, it is usually necessary to suppress direct electromagnetic feedthrough
to a level about 40 dB below the delayed SAW signal. By operating in a pulsed mode, phase and
amplitude measurements can be made in the presence of large feedthrough. This feature is par-
ticularly useful in evaluating preliminary devices because elaborate packaging to reduce feed-
through is not required. Pulsed operation also makes possible the measurement of the response
for each discrete tap of a device in which the outputs of several taps are internally summed.
This feature was essential during the development of a burst matched ﬁltex‘.4 The repetition
rate is adjusted so that the next input pulse occurs after all signals from the previous pulse
have died away. When desired, the input pulse can be lengthened to measure an effectively CW
response which includes all spurious signals in the device.

Computer control of the measurement system makes possible the rapid accumulation, anal-
ysis, and display of data. The time-bandwidth product for a SAW device is a measure of the .
number of cycles of phase change which occur over the bandwidth of the device. For devices
with time-bandwidth products of approximately 104, a meaningful display of the phase response
requires some type of curve fitting, a procedure straightforwardly handled by a computer. Com-
puter control also allows for rapid and frequent system calibration, which results in precise
measurements. - '

1. Measurement of Phase Response

A simplified schematic o! the system used for measuring the phase of SAW devices is shown
in Fig. V-1. In many SAW devices, a shift in frequency of only one part in 107 could cause a
1° shift in the output phase. For this reason, a precise, tunable frequency source, i.e., a fre-
quency synthesizer, is employed in these measurements. A computer command sets the fre-
quency of the CW signal from the frequency synthesizer. This signal is gated by an RF switch
and applied to the device. The output from the device is mixed with a coherent reference sig-
nal and the resulting video is sampled. The integration of many samples enhances the signal~

_to-noise ratio. The integrated signal is A/D converted and put into the computer.

The duration of the RF pulse which excites the device is chosen so that the pulse is long
enough to reach effectively CW conditions for the delayed SAW signal, but is also short enough
to time-resolve direct, triple-transit, and feedthrough signals. The waveforms associated with
a typical measurement are illustrated in Fig. V-2. The traces from top to bottom show the RF
pulse applied to the device, the filtered video output from the mixer, the sampling gate for the
delayed SAW signal, and the baseline sampling gate. The length and position of the sampling
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Fig. V-1, Schematic diagram of system used to measure phase response
of SAW devices. Several amplifiers, pads, and filters employed in sys-

tem are not shown.

(o)

(b)

(d)

Fig. V-2. Waveforms obtained during measurement of phase
response of dispersive SAW device: (a) RF pulse which ex-
cites device; (b) filtered video output from mixer in Fig. V-1;

(c) sampling gate for delayed SAW signal. and (d) aampling

gate for baseline.
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gate for the SAW signal are adjusted so that the sampling occurs in the interval between the end
of the direct feedthrough and the beginning of the turn-off transient. In order to compensate for
DC drifts in the system and to allow AC coupling to video output from the mixer, a sample of
the baseline is also taken. The baseline sampling gate is positioned in a portion of the video
output where the acoustically generated signals and RF feedthrough are absent.

The phase response is determined by a w-point method, i.e., the frequencies at which the
delayed SAW signal and the reference are in quadrature at the mixer are determined. In this
case, the video output from the mixer is zero over the duration of the delayed SAW pulse. Since
each successive T point indicates a phase shift of 7 radians, the measurement of the frequency
at each 7 point is a direct determination of the phase response.

Speed, efficiency, and precision of the measurement are enhanced through the use of a
highly interactive computer-controlled algorithm for data collection. To begin the measurement
process, two successive 7 points are found by sweeping with a user-specified frequency incre-
ment. Since a typical SAW device closely follows a prescribed phase response, the frequencies
of adjacent 7 points can be estimated by an appropriate extrapolation from the previously mea-
sured 7 points. For a nominally nondispersive device, the extrapolation is linear, whereas
for a linear-FM dispersive device, the extrapolation is quadratic. On the basis of the extrap-
olation, the frequency of the synthesizer is set to that estimated for the next desired 7 point,
and the value of the output voltage for the system is measured to determine whether the esti-
mated frequency is too high or low. The frequency is then incremented until the 7 point is
bracketed, and then the 7-point frequency is calculated by interpolation from the values of the
output voltages. This algorithm avoids a lengthy search for the frequencies corresponding to
each 7 point.

Typically 100 x points at approximately equispaced frequencies are measured, all others
being skipped over. This method avoids the potentially time-consuming task of sweeping through
the entire test band to find all 7 points. Moreover, it decreases computer~processing and stor-
age requirements. Also, since a file of 7-point number vs frequency is maintained by computer,
phase ambiguities are eliminated, even for devices whose phase varies by several thousand
periods over the band of interest.

Calibration is also performed by computer. The phase response of the system is deter-
mined by replacing the device with a pad and repeating the phase measurement. The phase re-
sponge is stored in a file and subtracted from the phase response measured with the device in
the system. In order to measure the system response, a delay line consisting of a long cable
is permanently placed just before the RF switch. The length of this cable is made several times
as long as the inverse of the frequency Anpan over which measurements are to be made. This
ensures that several 7 points are obtained during measurement of the system response. This
computer-aided calibration has increased the accuracy of the system to better than 0.5°

The computer also fits a curve to the data and plots the deviation from ideal. A typical re-
sult is shown in Fig. V-3. In the case of a x'erloc!:m-aruy-eompreluot-‘'3 (RAC) device, the
data are stored and later used to generate a computer-designed pattern of metal which is de-
posited between the two gratings of the RAC in order to modify the phase response and minimize
the deviations from the desired ideal response. '
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Fig. V-4, Schematic diagram of system used to measure insertion loss
of SAW devices. Several amplifiers, pads, and filters employed in sys-
tem are not shown. g
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2. Measurement of Ingsertion Loss

Figure V-4 illustrates the system used to measure the insertion loss of SAW devices by a
substitution method. An RF pulse is applied to the device, and the delayed SAW signal at the
output is detected, sampled, integrated, and input to a computer. Then, the computer substi-
tutes a programmable attenuator for the branch of the system containing the device, and adjusts
the attenuator to give an output signal which closely matches that obtained for the branch contain-
ing the device. Because the attenuator steps are discrete, computer interpolation is employed
to further refine the measurement of insertion loss. The attenuvator just before the detector is
adjusted by the computer to keep the signal level into the detection circuit within its dynamic
range. d

Calibration of the system is achieved by replacing the device under test with a calibrated
attenuator and measuring the insertion loss of the branch of the circuit containing the attenuator,
RF switch, and associated amplifiers. The difference between this measured loss and the atten-
uation of the calibrated attenuator is saved in a file, These corrections are subtracted from the
value of the loss of the same portion of the circuit measured with the device in place. By this
method, the magnitude of the insertion loss of the device is measured to a repeatability of
0.2 dB over a range up to 120 dB, The ultimate accuracy is directly related to the calibration
of the fixed and programmable attenuators. The results for a typical measurement of insertion
loss are shown in Fig. V-5.
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Fig.V-5. Example of measured 3 b
insertion loss for SAW device. z i
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Finally, processed data are displayed on a ltorqulcope and may be stored for later use
in transducer and grating redesign. Comparison of measured and ideal responses is easily
done by computer, the results being displayed in a variety of formats.

J. H. Holtham
R. C. Williamson
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B. SAW PHASE SHIFTS DUE TO PROPAGATION

IN SHALLOW-GROOVE GRATINGS

In the design and fabrication of RAC devices,i'4 one of the most difficult goals is accurately
obtaining the phase response corresponding to a linear chirp. A linear chirp implies a phase
response which is a quadratic function of frequency. The permitted deviations of the phase re-
sponse from ideal quadratic is often only a few degrees. Since the propagation delay in RAC
devices may be as long as 105 periods, the precise control of the delay to a few parts in 107 is
needed.

The three main effects which frustrate attempts to achieve precise control of phase re-
sponse are:

(1) Variations in velocity within a sample or from sample-to-sa.mple.s
The latter variations are typically 0.1 percent in LiNbO3.

(2) Variations in the dispersion from aiample-to--sample.6 The disper~
sion is characterized by a frequency-dependent velocity v = v_ (1 ~ bf).
Values of b between 0.24 x 10~ GHz™* and 1.24 x 10”3 GHz"? have been
reported for LiNbO, (see Ref. 6).

(3) The phase shift or slowing of the surface wave produced by propagation

through grat'mga.i‘?

All three effects can produce phase shifts far in excess of the permitted limits. The first
two effects are related to material growth and surface preparation, which need to be carefully
controlled. The phase shifts due to the grooves can be corrected in the design of the reflective-
grating maak,” provided the phase shift per groove as a function of groove depth is known. The
goal of this work is a determination of that relationship.

An existing mc;del8 predicts that the phase shift per groove is proportional to the square of
the groove depth, and is simply related to the imaginary part of the reflection coefficient. The
model employs a single parameter C' to characterize the magnitude of all the shifts discussed
herein. The imaginary part of the reflection coefficient has been measured by determining the
magnitude of the reflection coefficient at the stop band, which is located near twice the frequency
of the fundamental stop band. These measurements have been carried out for both normal-
incidence8 gratings and oblique-incidence9 gratings on Y-Z Lle03. Here we report direct mea-
surements of the phase shifts upon transmission through several types of gratings. The shifts
are measured by observing the slowing of a wave propagating through a grating, and by observ-
ing the shift of the fundamental stop-band frequency of the gratings.

The relative slowing of the wave was measured by launching a surface wave with a beam
about three times as wide as the grating upon which the wave impinges. The wave front behind
the grating is somewhat retarded relative to the waves on the unperturbed surface, as shown in
Fig. V-6. This retardation or phase shift can be observed directly with an electrostatic surface
probe,w as shown in Fig. V-6, or by specially placed transducers, as shown in the inserts of
Figs. V-7 to V-10.

The results for normal-incidence gratings are shown in Figs. V-7 and V-8. The phase
shift (Fig. V~7) and the frequency shift of the fundamental grating stop band (Fig. V-8) are both
expected to be proportional to the square of the groove depth. A value of the proportionality
coefficient C' = 12,6 + 1.5 fits the present results. Previous measurements of the imaginary
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Fig. V-7. Phase shift per groove A¢ plotted vs groove depth for normal-
incidence gratings. Solid line is quadratic fit to data with coefficient
C' = 12.6. Dashed line is quadratic that would be predicted using coeffi-
cient deduced from previous measurements of imaginary part of reflection
coefficient. Inset shows experimental layout. There are 200 grooves in
each grating. Experimental data are taken by measuring difference be-
tween phase shift from input to B, and average of phase shifts from input
to A and input to C.
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Fig. V-10. Frequency of transmission stop band plotted vs groove depth.
Two candidate parabolic fits to data are shown. 4
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Fig.V-11. Phase shift due to grating vs frequency. Solid line is plot
of computer-controlled phase-bridge measurement of difference of
phase response from input to B, and average of responses from input
to A and input to.C. Ripples near 173 MHz are due to stop band in
grating; other wiggles are due to interfering spurious signals. Dashed
line is calcula:ed using C' = 8.7 in equation given in Fig.V-9.
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part of the reflection coef!icient8 were fitted by a curve with a coefficient C' = 24, A value of
C' = 21 was also consistent8 with earlier measurements of the shift on the frequency of the fun-
damental stop band for 100-groove normal-incidence gratlngs.1 However, the experimental un-
certainty of the measurements was so large that C' = 12,6 could also fit the data. The current
measurements of frequency shift and phase shift significantly reduce the uncertainty in C' and
indicate a disagreement with the measurements of the imaginary part of reflection coefficient,
which appears to be outside of the combined experimental uncertainties.

The current measurements were made for two different grating periodicities. In one case,
the grating period is approximately equal to a half-wavelength of the test wave, and the measure-
ments examine the response near the fundamental stop band. In a coarser grating, the period
is approximately equal to a wavelength, and the measurements characterize the response near
twice the fundamental stop band. The measurements indicate that the phase shifts in the coarser
grating appear to be slightly higher than the phase shifts in the finer grating. The frequency
shift of the stop band near twice the fundamental stop-band freque'ncy cannot be determined for
these coarser gratings because of interfering bulk-wave effects.

In the oblique-incidence case (Figs. V-9 and V-10), there is also a disagreement between the
previous measurements of the imaginary part of the reflection coetficient9 and the present trans-
mission measurements, but in the opposite sense. The proportionality coefficient C' has to be
approximately 4.5 to fit the measurements of the imaginary part, but a value of 8.7 is more con-
sistent with the transmission and stop-band frequency-shift results.

A further set of measurements has determined the phase shift on transmission as a function
of frequency for fixed depth. These measurements are also consistent with a value of C' = 8.7,
as shown in Fig. V-11,

In summary, four different measurements have been performed: (1) measurement of the
shift in frequency of the fundamental stop band as a function of groove depth; (2) measurement
of the phase shift on transmission as a function of groove depth; (3) measurement of the phase
shift on transmission as a function of frequency; and (4) measurement of the imaginary part of
the reflection coefficient as a function of groove depth. The first three types of measurements
are generally consistent with each other and indicate a value of C' which does not fit the results
of the fourth type of measurement that had been performed eu'lier.s'9 This indicates that the
stored-energy models"’ does not account for the detailed behavior of surface waves in gratings.
Nevertheless, the measur:raents taken so far are consistent with a quadratic dependence of
phase shift on depth and on frequency, as predicted by the expression

a¢ = BX o (By?
These measurements are useful in the design of the phase response of RAC devices and other
surface-wave grating devices. J. Melngailis
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