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I N T R O D U C T I O N

I. SOLID STAT E DEVICE RESEARCH

The sensitivity of shot-noise-limited semiconductor photodiodes has been calculated
for the case where the high-frequency response is limited by the diffusion of photo-
excited carriers to the junction. in this situation there is a marked decrease in
high-frequency sensitivity, and the noise spectrum is not a true measure of the fre-
quency response.

An optical i~solator has been designed which utilizes the interband Faraday effect in
GaAs. thus allowing incorporation of the device into integrated GaAs structures.
Based upon new measurements of the Faraday coefficient , the design is shown to be
feasible; but , even with an optimum configuration , lengths of the order of a cen-
timete r or fields of many tens of kilogauss would be requi red for satisfactory
performance.

Double-heterostru cture GalnAsP/InP inve rted mesa photodiodes have been fa bri -
cated which have an extremely fast response to optical pulses at 1.05 ~m from a
Nd0 5La0 5P5014 mode-locked laser . The calculated response risetime of approxi-
mately 45 psec is in reasona ble agreement with the measured value of — ‘50psec.
Since all the light is absorbed in the depletion region, a high value of quantum effi-
ciency N 70 percent) is observed which is limited primarily by reflection loss at the
[nP-air interface.

.1 -

InP planar-guarded avalanche p hotodiodes have been f abricated f rom structures
formed by Si- and Be-ion implantation into n-type epitaxial layers , which were
grow n by LPE on ( 100)-oriented n~ -InP substrates. The avalanche photodiodes ex-
hibited breakdown voltages of approximately 18 V. and the avalanche gains were
typically in the 6 to 8 range.

Deep Zn diffusion from a ZnP2 source has been found to provide a simple technique
for fabricating high-quality, stripe -geometry GalnAsP/lnP double -heterostructure
diode lasers. Linear CW outputs up to 8 mW per facet have been observed for suf-
ficiently narrow stripe widths , and initial life tests have not revealed any significant
difference In reliability between diffused-stripe and conventional proton-defined-
stripe lasers.

H. QUANTUM ELECTRONICS

Two distinct gas-recirculating systems have been designed and built for use with the
mini-TEA laser. Pulse repetition frequencies in excess of 500 Hz , good mode qual-
ity, and average power outputs above 10 W were achieved. Frequency doubling at

. -
~~~~ high repetition rates of the output of one of these units An CdGeAs2 has yielded an

average-power-conversion efficiency of ove r 28 percent .

.1
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A general theoretical analysis of a two-photon resonant third-harmonic generation
system has been carried out for plane-wave geometry. The third-harmonic conve r-
sion efficiency saturates at 17 percent for a single pass under resonance conditions .
This plane -wave result is believed to represent an upper bound on efficiency for any
focusing condition, Including the tight focusing geometry used to obtain the experi-
mentally observed 4-percent conversion.

An FM mode-locked Nd0 5La0 5P5O14 laser excited by a CW dye laser has been
• constructed. By using an intensity correlation technique, pulses as short as 14 psec

have been measured, with a 480-MHz repetition rate.

Stimulated emission at 325 nm has been observed from the 5d 4f transition in
Ce:YLF by using a KrFexcimer gas laser for optical excitation. The Ce:YLF laser,
which is the shortest-wavelength optically pumped solid state laser obtained to date ,
is potentially a powerful source of tunable near-UV radiation.

A series of new lasers, involving transitions in Na , K , Rb, and Cs have been real-
ized. Pulsed output powers of I to 10 kW have been obtained on the alkali-metal
resonance lines. Details of the photodissociative excitation process have been stud-
ied in order to optimize these lasers.

The laser-initiated photodeposition of metal films is being investigated as a potential
technique for microelectronics fabrication . An ArF excimer laser has been used to
deposit cadmium films with microscopic features by photodissociating an organo-

• metallic carrie r gas.

The tunable submillimeter spectrometer previously developed has been applied to a
submillimeter-infrared double-resonance study of excited molecular states. The
centrifugal distortion splittings of excited-state rotational transitions in CH 3F were
measured. Generation and detection of tunable submillimeter radiation are accom -
pUshed using optically pumped lasers and Schottky-dlode mixers.

III. MATERIALS RESEARCH

The usefulness of laser heating for removing ion-implantation damage in InP has
been demonstrated by annealing Se-doped samples with a CW Nd:YAG laser. For
the best samples, the values of carrier concentration and mobility achieved by laser
annealing are comparable to those typically observed for similarly implanted sam-
ples that have been thermally annealed.

The feasibility of using ion implantation followed by laser annealing in the fabrica-
don of GaAs solar cells has been demonstrated by using this technique to prepare
cells utilizing a shallow-homojunction n+/p/p+ structure without a GaAlAs window.— 5j. -

. Conversion efficiencies up to 12 percent at AMI have been obtained for these ion-r - - +- -.~~~ implanted, laser-annealed (lILA) cells, in which the n -layer was formed by im-
• planting Se+ ions into the p-layer and then annealing, without encapsulation, by

scanning with a CW Nd :YAG laser. .

4 Conversion efficiencies upto 20 percent at AM 1 have been obtained for single-crystal
GaAs sha llow-homoju nction solar cells prepared by chemical vapor deposition on
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single-crystal Ge substrates. These devices , which are fabricated without
Ga i_ ~Al~As laye rs, employ a thin n f /p/p+ GaAs structure. The spectral response

• and efficiency show steady improvement as the n~-laye r is thinned to2 00A by means
of an anodization-stripping technique.

The very large pressure dependence of the bandgap of Te , which makes this material
an attractive candidate for optically pumped tunable lasers in the mid-infrared, has
been precisely measured to 8 kba r in a study of the laser emission of an optically
pumped sample at liquid-nitrogen temperatures. The bandgap at 63 K is given by the
quadratic expression Eg(P) = Eg (O) + AP + BP2, where P is the pressure in kilo-
bars , Eg(O) = 333.5 ± 0.5 meV. A = —20.0 * 0.5 meV/k bar , and B = 0.52 *

0.02 meV/kba r2.

IV. MICROELECTRONICS

A SAW/CCDaccuxnulating correlator has been demonstratedwhich is capable of cor-
relating two long-duration analog signals. The CCD samples , multiplies, accumu-
lates, and reads out the cross-correlation function of two SAW input signals which
counterpropagate on a delay line in close proximity to the CCD. A signal-processing
gain of 30 dB at a bandwidth of 20 MHz has been observed by correlating biphase-
modulated pseudonoise waveforms of 100-macc duration in the presence of Gaussian
noise.

Coplanar waveguide (CPW) has been compared theoretically with microstrip with
the Intent of determining which is better for incorporation in GaAs monolithic inte-
grated circuits. Conductor and dielectric losses are lower in microstrip than in
CPW when the substrate height is equal to the ground-plane spacing in CPW. How-
ever, when radiation loss is included and the ground spacing is allowed to increase
in the CPW, the guides are comparable.

V. SURFACE-WAVE TECHNOLOGY

• A hIgh-speed (10-MHz) analog system for computing Fourier transforms by the
chirp-transform technique has been developed. The critical elements are reflective-
array-compressor (~~~C) dispersive delay lines with large time-bandwidthproducts.

— • When digital Interfaces are added, the system functions as a fast hybrid computer.

Four-wave parametric Interactions are being explored In acoustoelectric integrat-
:‘~ • tng correlators. Such interactions involve the differential delay, mixing, and In-

tegration of signal and reference SAWs propagating in the presence of a stationary
pump applied to the silicon-diode array. The scheme significantly reduces spurious
signals by permitting the degeneracy between signal and reference RF carrie rs to be
lifted. In addition, a unique signal-processing function.- triple-product correlation —

- 
- may be Implemented.

~
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I. S O L I D  S T A T E  D E V I C E  R E S E A R C H

A. ANOMALOUS NOISE BEHAVIOR IN WIDE-BANDWIDTH PHOTODIODES
IN HETERODYNE AND BACKGROUND-LIMITED OPERATIO N

Anomalous noise behavior can occur at high frequencies in photodiodes when the high-
• frequency response is limited by diffusion of photoexcited carriers to the junction. Although

the signal current thus decreases with increasing frequency because of the dispersion in the
diffusion times, the noise current remains fixed since it is a function only of the DC flow reach-

• Ing the space-charge region. Under these conditions , there is a marked decrease in high-
frequency sensitivity, and the noise spectrum is not a true measure of the frequency response.
This effect on the sensitivity or noise equivalent power (NEP) has never been previously con-
sidered and is particularly Important in the case of long-wavelength infrared photodlodes at
low temperatures, since it Is difficult to confine the photocarrier generation to the junc tion
depletion region because of the low absorption coefficient t in narrow-bandga p semiconductors.

Ill-I.

• I Fig. 1-1. Schematic diagram of reverse-
• biased n/p photodiode. _i_.

— 

Consider the diode struc ture , shown in Fig. 1-1 , consisting of an undepleted n-type surface
layer, a space-charge i’egion, and a p-type base. In general, when such a structure is illumi-
nated, photoexcited carriers will be produced In all three regions. In fact, at long wavelengths
where the absorption coefficient Is low it is difficult to avoid this situation in shallow-junction
photodiodea. The generation of photocurrent in a photodiode involves two processes: ( 1) the
production of electron-hole pairs, and (2) the separation of these pairs by the action of the high
field of the space-charge layer (e.g., see Ref. 2). For an electron-hole pair produced outside
the space-charge region, diffusion produces a statistical spread in the arrLval time at the junc-
tion. An additional impulse broadening occurs for all carriers due to the finite transit time
across the space-charge region, which is typically small compared with the diffusion process
and can be ignored for pres ent purposes. If the thickness t o ’ the n-typ e layer is greater than
the diffusion length for holes, a loss in signal current occur e ~or frequencies greater than f/ 2 f r ~.
where ,‘

~ 
is the hole recombjna tjon time. If t Is less than a diffusion length, then a loss in

:.~.,r signal occurs at frequencies above D1,/21rt2. where D~ is the hole-diffusion coefficient , If we

I

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _



I Ii-S-I5i~ ]_

NOISE R

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
7E

Fig. 1-2. Frequency response (solid line)

~‘ ,u’ — — _ — — — I and noise spectrum (dashed line) of photo-
diode with hole-diffusion component to its

t
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consider only the hole-diffusion effect, the frequency response of the photodiode in terms of an
effective quan tum efficiency ~j(f) is shown schematically by the solid curve In Fig. 1-2. ‘i(o) is
the DC quantum efficiency and t (f) is the effective quantum efficiency at frequencies above the
point where hole diffusion contributes. Shot noise is produced by the random passage of charge
carriers across the space-charge region. The associated noise power spectrum is determined
by the space-charge transit time and the external RC cutoff , as shown by the dashed line in
Fig. 1-2. The noise power spectrum is clearly not a reliable measure of the frequ ency response
of the device, as has been previously assuxned.3 This can have a profound effect on the ultimate
sensitivity of the photodiode at high frequencies, as will be shown below.

Consider heterodyne operation of the photodiode and assume a local-oscillator power
and a signal power 

~s at the respective frequencies, v~ 0 and v5. Then, assuming unity mix-
ing efficiency, the time-dependent optical power input to the diode may be written

P(t) = 
~LO + P5 + 2 J~ LO~ S C05 (2irf ’ t) (1-1)

where the intermediate frequency f’ is given by VLO — 

~s’ 
The resultant IF current then

becomes

i~~, = [Zeii(f ’) “PLO~ S /hv l cos (ZTf ’t ) (1-2)

where we have chosen a frequency f’ as shown on the plot of Fig. 1-2. The IF output power then
becomes

~ IF = <It.> R = 2e2 172(f’) PLOPSR/hv (1-3)

after squaring and averaging. The noise power is that produced by the shot noise associated
with the local -oscillator current flowing across the junction . This current is

= eep(o)P
~ c/hv (1-4)

and the resultant noise power becomes

= 2ei~ oBR , where B is the bandwidth . (1-5)

The final signal-to-noise ratio (S/N)~ is given by

(S/N)~ ,p2(f’)P9/ ,p(o)hvB

Note that the heterodyne sensitivity Is reduced by a factor tp(f’ )/tp(o) from the value ?p(f’)Ps/hvB
‘ obtained when diffusion is ignored.
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In a similar fashion, a background-limited Incoherent detector exposed to background radia-
tion will have a high-frequency envelope response limited by iy(f). and the resultant NEP for
short pulses will be given by

NEP = [2hvBP Bn(o)/7) 2(f) j f
~
’2 (1-7)

rather than the familiar expression,

NEP = IZhWBP B/tl(f)J u/2 
. (1—8)

The sensitivity degradation factor ~(f)/~ (o) is thus common to both heterodyne operation and
• background-limited Incoherent detection.

29* -i 27-4
(V8 .O.5V) 1V8 .O .5V)

- 

—

~~~~~ ~ss_ 2 as ic —s.
~ }
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( 0 )  ( b )

Fig. I-3(a-b). Oscilloscope displays showing pulse response at 10.6 p.m
of two reverse-biased HgCdTe photodiodes.

I The very strong effect which slow carrier diffusion can have on heterodyne sensitivity ap-
pears to explain the wide variation in high-frequency heterodyne minimum-detectable power ob-
served In low-capacitance, high-quantum efficiency n/p HgCdTe photodiodes~ Slow carrier
diffusion can be revealed by the pulse response of the diode;t’5 two examples of this are shown
In Fig. 1-3(a-b). These two HgCdTe photodiodes were illuminated with a 5 -nsec CO2 -laser pulse
formed by a fast CdTe electrooptic modi’~Lator. The reverse bias of 0.5 V resulted in an RC
roll-off frequency much greater than I GHz. The device in Fig. 1-3(a) shows rise and fall times
less than 0.3 nsec, the response of the sampling scope electronics. In contrast, Fig. 1-3(b)
shows an additional slow transient of about 3-nsec extent which represents about 50 percent of
the total response. This slow component, due to hole diffusion in the n-type material, corre-
sponds to a frequency cutoff f~ of about 50 MHz . Direct heterodyne sensitivity measurements
have been carried out using blackbody heterodyne radiometry at 760 MHz (see Refs . 4 and 6).
Diodes with the simple response of Fig. 1-3(a) exhibited sensitivities within a faetor-of-2 of the
ideal minimum-detectable power hvB, while those showing the slow transient of Fig. 1-3(b) had
sensitivities 2 to 4 times poorer, even though the low-frequency quantum efficiencies were

; ,~~. comparable. Consistent with the previous arguments was a shot-noise spectrum for both types
of diodes with constant noise power out to about 2 GHz (see Refs. 4 and 6).

C 
To avoid the loss of sensitivity associated with hole diffusion, the n-type layer can be made

• ..,
‘ very thin or heavily doped (to create a significant shift of the absorption edge to shorter wave-

lengths by bandfiulng). This latter technique limits the optimum response to a rather narrow
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spectral region. An alternate approach which alleviates this problem is to decrease the lifetime
of holes In the n-type material so that no photogenerated holes live long enough to produce a
slow transient. Having them recombine eliminates their contribution to the noise output.

If any radiation is absorbed in the p-type base region, diffusion of electrons to the space-
charge region must also be considered. In i0-p .m HgCdTe photodiodes, the mobility of electrons
Is much higher than the hole mobility; consequently, degradation in sensitivity due to the pres-
ence of electron diffusion occurs at substantially higher frequencies, of the order of I GHz.

D.L. Spears
R. H. Kingston

B. INTEGRATED OPTICAL ISOLATOR USING GaAs
INTERBAND FARADAY ROTATION

Isolation of unidirectional signal flow in optical circuits may be obtained by using the gyro-
magnetic properties of such materials as garnet or semiconductors. Until now, the former has
been proposed for integrated optical devices , and the nonreciprocal effects are dependent upon
coupling of the optical wave into and out of the garnet materiaiY In contrast, by utilizing the
interband Faraday effect in semiconductors, it should be possible to build isolators on the same
substrate and utilize the same semiconductor material as that of the laser or LED sources and
detectors. Here , we describe the design of such a device and the required dimensions and mag-
netic field. The results are based on recent measurements of GaAs Faraday rotation obtained
at the Francis Bitter National Magnet Laboratory at M.I.T. We conclude that, even with the op-
timum configuration considered, the required high magnetic field or consequent device length
make such an isolator of marginal interest.

Prior designs for Isolators utilized the rotation of the plane of polarization to obtain non-
reciprocity , which in low-order mode waveguide necessitates mode conversion and the resultant
filtering of the unwanted mode by waveguide cutoff techniques. The design proposed here uses
the nonreciprocal phase shift in a properly designed guide, as in Fig. 1-4(a). and requires two
parallel sections, as shown In Fig. 1-4(b) . Alternatively, one might use a waveguide 3-dB hybrid

• ~
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Fig. 1-5. Field distribution.

•5
.•• •••

•

as In conventional microwave isolators.8 The ridge waveguide in Fig. 1-4(a), for a width 2d of
• 0.2 or approximately 2000 A. has the property that the transverse electric field and the

• longitudinal field E
~ have equal maximum values and , therefore , the net field in either side of

the guide is circularly or near-circularly polarized over a large fraction of the guide width.
(It is not possible to obtain this circular behavior in a slab guide bounded by Only one air inter-

• face , since the ratio of longitudinal to transverse E-field is roughly proportional to ~.n/n. where
n is the index of the guide and ~n is the change in index at the non -air interface.) The detailed
behavior of the field is shown in Fig. 1-5, where the E~ variation is effectively a cosine, and E~is a sine wave. From waveguide perturbation theory,8 the change in propagation constant with
application of a DC magnetic field in the z -direction becomes

O J E E E d A2 x z

I ExHydA

where 2 may be written in terms of the Faraday rotation as

E 2~~~ o T  (~~) n

Now, if 2 is constant across the whole guide , then ~P becomes zero since E
~ is antisymmetric

and E
~ is symmetric. By doping one side of the guide with donor impurities, the off-diagonal

• term becomes large In the doped material and small in the undoped. resulting in a net ~ /3 given by

I ~3 0 e~~~~~~~~ _ •

• 0 fl W f l

Note here that ~P changes sign if the direction of wave propagation is reversed, since the field
Ez changes sign , while E

~ is unchanged. For this waveguide size, Pd Is approximately ir/2 , and
w l t h d = 0 . 1 X0.

i e 5 0
~~~~T ! i~~~~T~~~~ ~~

• For an isolator, ~ftL ~/4. and the required length of the structure becomes

• ‘
~ L -  - _____- 4~ J3 - 20(9/ f)
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Fig. 1-6. Faraday coefficient vs photon FIg. 1-7. Schematic diagram of GaInAsP/ InP
energy. GaAs at 300 K. avalanche photodlode structure.
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Fig. 1-8. Photograph of four GaInA5P/InP
• detectors mounted in a high-speed quad

• package.
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The Faraday coefficient for GaAs was first measured by Piller,9 and the measurements
were recently extended at the M.I.T. National Magnet Laboratory . The results are shown in
Fig. 1-6, and Indicate that higher coefficients (and a reasonable differential phase shift) may be
obtained with heavier doping. Unfortunately, the pronounced increase between t0’~ and I o18 cm
doping density is accompamed by a rapid increase in optical absorption coefficient.t0 At 2 ) (} ao t8 cm 3, for example, the coefficient Is 5 cm 1. As a result, If a forward transmission of
37 percent Is allowable, then the length L would be limited to 2 mm. For a net coefficient of
~o”~ racVcm-G, this would require a magnetic field of 80 to 90 kG, available only with a super-
conducting magnet. It is possible that lower doping might yield a longer structure and reducedj field requirement, or undoped material with a variation In bandgap from one side to the other
of the guide might yield long structures without the attendant insertion loss.

p In conclusion, it would appear that isolators using GaAs are feasible, but would require
rather long structures or extremely high magnetic fields. Other materials at longer wavelengths
would probably yield higher coefficients (In Sb, for example), but the need for isolation at these
wavelengths has not been established. 

R. H. KI gston
S. Yuen 1~R. Aggarwalt

C. HIGH-SPEED RESPONSE OF GaInAsp/ In P PHOTODIODES

Double-heterostru cture (DH) GaInAsP/InP inverted mesa photodiodes , similar to those de-
scribed earlier,H~

I2  show an extremely fast response to optical pulses at 1.05 p.m from a
Nd0 5La0 5P5014 mode-locked laser, These detectors, the structure of which is shown ache-
matically in Fig. I-7, are fabricated from a wafer in which the quaternary layer was very lightly
doped (Nd — Na 2 ~ to~ cm 3), thus permitting operation at biases well above that required
for the depletion layer to “punch through ” to the top n +~InP layer. When operated as avalanche
detectors, the devices show modest ga in k5 times) and substantial dark curren t (>10 iA). How-
ever, when reverse-biased at voltages from 0.5 to 0.8 of the breakdown value, the dark current
is reduced substantially (typically <200 nA) and the pulse response I,s very fast. This high speed
Is the result of the low capacitance associated with the wide depletion region and the fact that the
light passes through the transparent InP and generates the electrons and holes directly in the
depleted Ga~nAsp, where the electric field Is high. This lstter property eliminates the much
slower response due to carriers generated by light absorbed in undepleted material, which must
then diffuse to the depletion region to be collected.12

For measurement, detectors were mounted in a package originally designed for the high-
frequency operation of HgCdTe heterodyne detector arrays .5 Four diodes mounted thusly are
shown in Fig. 1-8. The response of one of these detectors, operating into a 50-fl load and biased

• at 85 V, to an approximately 20-psec-wide (FWHM) pulse of i.05-pm radiation from a mode-
locked Nd0 5La0 5P5014 laser (described in Sec. lI-C) is shown In Fig. 1-9. The response is
clean and symmetric with 10- to 90-percent rise and fall times of about 60 psec.

The packaged device was examined on a network analyzer at 2 GHz , In order to gain a feel-
ing for the relative contributions to the response characteristics of the device Itself , the package’,
and the measurement apparatus. For the assumed equivalent circuit shown In Fig. 1-10, the

t National Magnet Laboratory, M.I.T.
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Fig. 1-9. Response of a GaInAs P/IsP FIg. 1-10. Equivalent circuit for packaged
photodlode to a 20-pace-wide pulse photodiode and load. See text for element
from a Nd0 5La0 5P5014 laser. Bias values.
voltage was 85 V and load resistor was
50 12.

parameters ~io obtained were C~ = 0.3 pF, R 5 = 15 12, L5 = 15 nH, and R~ negligibly large. The
calculated 10- to 90-percent response of this circuit to a step input of current for a 50-fl load
is 30 pscc. Taking into consideration the 25-pace risetime of the oscilloscope, the approxi-
mately 10- to 15-psec risetime of the light pulse, and the estimated 20-psec spread In transit
times of holes generated within the depletion region (an absorption length of 1 p.m was assumed).
the calculated risetime of ~o45 pace is in reasonable agreement with that measured.

It is also worth noting that the fact that all the light is absorbed in the depletion region also
results In a high value of quantum efficiency (‘-70 percent), which is limited primarily by re-
flection loss at the InP-air Interface. C. E. Hurwitz F. J. Leonberger

S. H. Chlnn D. L. Spears

D. PLANAR -GUARDED AVALANCHE DIODES IN IsP FABRICATE D
- • BY ION IMPLANTATION

There Is currently a great deal of In terest In In1 _xcaxAsyPa -y avalanche photodiodest2 ’13 -16

(E — 1.0 eV) for use in high-bandwidth optical communication systems. To a lesser extent,g 17some Interest has been shown in IsP IMPATT diodes. All the avalanche diodes reported in
• these materials have relied on etched mesa and/or punch-through p-n junction structures.

Etched mesa diodes depend critically on the etching procedure. i.e., the slope of the mesa at
the p-n junction, to prevent edge breakdown. Etching procedures of this type often preclude
high-yield fabrication and can present additional surface passivation problems. Punch-through
devicee depend critically on the thickness and uniformity of the epitaxial layer and on the smooth-

• 
~~~~~~~~~~~ 

ness of the interface. Here we present some preliminary data on a planar-guarded avalanche
• 

• 
4 structure in lnP fabricated using ion implantation. The structure is similar to that used In

guarded reach-through SI diodes ,18,19

~i •
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Au - M~ CONTACT

Fig. I-it . Schematic illustration of cross
• section of a planar-guarded InP p-n junct ion

Au-Sn CONTACT

Figure I-It schematically Illustrates a cross section of such a guarded InP p-n junction
diode. Viewed from the top, the ~~~ and n-type regions would appear as concentric circles.
By appropriately selecting the carrier concentration n and the thickness t of the n-type region
(in relation to the concentration in n-region), the maximum electric field at breakdown in the
central region can be larger than the electric field at the edge of the ptregion. Under this
condition, field crowding at the edges will not be sufficient to cause edge breakdown , and ava-
lanche breakdown will occur in the central portion of the diode. The minimum nt product
necessary to prevent edge breakdown depends on both the concentration In the n-region and the
shape of p~ — n boundary at the periphery.

The IsP samples used in this work consist of an n-type epitaxial layer with a concentration
of (1 to 2) x 10 16 cm 3 grown by liquid-phase epitaxy on a (100)-oriented n~ -InP substra te. The

• thicimess of the epilayer is not critical but was selected to be greater than 6 p.m to prevent
punch-through, which in this structure would somewhat negate the effects of the central n-type
implanted region.

• To achieve the central n-type region of Fig. I-I l , each sample was coated with a 1000-A
layer of Sb 2 and a thick (a. 5-pm) layer of photoresist. Using photolithographic techniques,
6-rnIl-diam circles were opened in the photoresist and SiO2, and the samples were implanted
with 400-keV Si ions at either room temperature or 170’C. The doses used were either 8 X 10~~~~~

or i x ~~~ cm 2. Both doses should result in a peak electron concentration greater than ten
times the concentration in the epitaxial layer, and at breakdown a maximum electric field in the
central region greater than twice that in the outer rim (neglecting edge effects). As discussed
below, best results to date have been obtained with the 8 x 1O~~ cm 2 dose and a 170 C implant
temperature.

• After the Si implant, the photoresist mask was removed and a new photoresiat layer was
applied. Again, using photolithographic techniques, I 0-mil-diam circles concentric with the
6-mj l-dism Si-implanted regions were opened In the new photoreslst and the S1O2. The samples
were then implanted at room temperature with beryllium to produce the p +_layèr of Fig. I-il.
The dose schedule used for the Be implant was 2 x IO ’~ cm 2 at 40 key and 3 x IO~~ cm 2 at
30 keV. This Be implant should result in a maximum as-implanted Be concentration of 2.7 X
I 018 cm~

’3, a level at which insignificant Indiffusbon of Implanted Be has been observed.20’21

Following Implantation, the photoreslet and SiC2 were removed and the samples were
annealed at 750’C for 10 mis. using a phosphoslllcate glass ( P50 ) encapsulation procedure
described previously.20’22 From previous results, about 60 percent of the implanted Be (Ref. 20)
and ~.8O percent of the implanted Si (Ref. 22) should be electrically active following this anneal.
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Fig. 1-12. Current-voltage characteristics
of an ion-implanted planar-guarded IsP ava-
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( b) (d)

Fig.I-I3. Photoresponse scans at 0.6328 p.m of a typical planar-guarded IsP diode:
three-dimensional display at (a) 2 V and (c) 18.2 V reverse bias; two-dimensional
display at (b) 2 V and (d) 18.2 V reverse bias.
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The p-n junction depth is estimated at about 0.30 p.m in the central region and 0.35 p .m in the
outer rim. This difference In depth is due to the Gaussian falloff in the implanted Be profile
and the difference in electron concentration between the Si-implanted region and the initial epi-
taxial layer.

After annealing, the PSG was removed and a isoo-A Sb 2 layer was deposited on the front
surface of each sample. Using photolithographic techniques, I. 5-mil-diam holes were opened
In the Si02 and evaporated Au-Mg contacts were made to the p~~regions. Electroplated Au-Sn
was used to contact the n + substrates.

For initial evaluation of these diodes, their I-V characteristics were measured and scanned
photoresponse measurements were performed using the 6328-A line of a He-Ne laser. Although
diodes on all the samples exhibited photoresponse gain in the central portion , best results were

• obtained on the sample Implanted at 170 C with 8) < 1012 Si cm 2. Since some previous results
have shown that less residual damage and higher activation of implanted Si can be achieved by
performing the implant at elevated substrate temperatures,22 the implant temperature result is
not surprising. The use of the lowest dose possible for this n-type region, while still prevent-
Ing edge breakdown, should further result in less damage and less possibility of Zener tunneling.

Figure 1-12 shows the I-V characteristics of a typical diode. Breakdown, defined as the
voltage at which 10-pA reverse current flows , occurs typically at 18 * 0.5 V reverse bias. As
can be observed In FIg. 1-12, the breakdown is soft. In an attempt to isolate the source of this
soft breakdown, planar Be-implanted diodes were fabricated on similar substrates without the
Si central implant. These diodes exhibited sharp breakdown and subnanoampere current Out to
over 60 V reverse bIas. Although not conc~lusive, this result Indicates that the soft breakdown
is associated with residual defects and/or the high carrier concentration (>2 x 1017 cm 3) in
the Si-implanted regions.

Figure I-13(a -d) shows the scanned photoresponses of a typical diode at reverse biases of
2 and 18.2 V. Figures I-f 3(a) and (c) show the photoresponse at 2 and 18.2 V. respectively.

• superimposed on the lower raster scan pattern . Figures 1-13(b) and (d) show the horizontal
scans of (a) and (c), respectively, superimposed so that relative magnitudes are more easily
discernible. At 2 V reverse bias , the photoresponse Is relatively fLat. There Is a slight amount
of enhanced edge response due to the junction coming to the surface. There is also a slight
amount of enhanced response In the central portion of the diode. This latter effect is probably
due to the slightly shallower junction depth expected in the central region, as discussed above.
At 18.2 V reverse bias, the photoresponse in the central region is uniform and greater than
7 times that at 2 V reverse bias, while the photoresponse In the outer rim is essentially the F
same as observed at 2 V. The depression in the photoresponse in the center is due to the Au-Mg
contact and the lead wire. The dark current of this particular diode is less than 1O ’10 A at 2 V
and 10 pA at 18.2 reverse bias. Although a few diodes showed photoresponse gains as high as 20,
the central photoresponse of a typical diode with a I -kQ load generally peaked at a gain of 6 to 8.
This is shown in Fig. 1-14 , which shows the relative photoresponse of the central region vs re-
verse bias for a typical diode with a 1 -k12 load. Slightly higher gains could be obtained by lower-
ing the load resistance. Furthermore, as the photoresponse In the central portion began to
saturate with Increasing reverse bias, the photoresponse In the outer rim, which generally
showed no photocurrent gain, began to decrease. These results Indicate that the photoresponee

-

• 
- gain is being limited by the diode impedance, I.e.. the differential resistance of the current-

voltage characteristics.



—•---— 

~~

-- -

~~

- 

U

i- -r j j r I

[wi 153251

~~ : / • Fig. 1-14. Relative photoresponse vs
4 • • reverse bias of central portion of a

2 

~~~~~~~~~~~~~~~~~~~~~~~ typical IsP diode with a I -Idl load.

.1 I I
0 4 6 12 IS 20

RIVERSE BIAS IV)

hi P (pi
1—diffulid •trIpw )

Fig. I-IS . Cleaved cross section of
a diffused stripe (DS) GaInAsP/lnP IRA.P I i )

~~~~~~~~~~~~~~~~~~~~ 
(DH ) diode

• 
—4.-I f4._ t0~~m

1l I-S iIOii ~
• 

t 
I I

I 0 0-oS LASER
• • ~P0S 0-BA LASER 

~
I~~ 

0

,
~
. \hi ’t z.,-os Fig. 1-16. Threshold current density (Jth)a - as a function of stripe width (S) for DS and
~ broad-area (BA) lasers fabricated by Zn
- 4 • • diffusion.

~~~~ 
a 0

• - ~oss\ _.’~ .~ ~
B

I I I I I
0 10 30 40 50 40

$
~
RfPf WIDTH. 551w,.1

12

_ _ _ _  - —

~~~~~~~~

• • -— 

_ _ _ _  

,

‘

~~~~~~~ ~~~~ ~~~~~ — 

‘
~a :~i



- - - - — -~ - ~~~ - — •~~~~~---- •——•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

In conclusion, guarded-planar avalanche diodes In InP have been fabricated which exhibit
uniform avalanche photocurrent gain. At present, the magnitude of the photoresponse gain Is
limited by the dark current of the diodes. It should be stressed that these devices are In an
early stage of development, and improvements are anticipated by optimization of both the epi-
taxial starting material and the ion-implantation fabrication steps.

J. P. Donnelly V. Diadiuk
C. A. Armiento S. H. Groves

E. Zn-DIFFUSED, STRIPE-GEOMETRY GaInAsP/ In p DIODE LASERS

Planar Zn diffusion, a simple and accurately controllable process , is a standard technique
In the fabrication of devices using 111-V compounds and alloys, but it has not been widely em-
ployed in fabricating double-heterostructure (DH) GaAs/GaAIAs diode lasers because there are
conflicting reports concerning its effect on the relIability of these devices. The degradation
mechanisms of GaInAs P/In? and GaAs/GaA1As lasers appear to be quite different , however.
We therefore decided to investigate the utilization of deep Zn diffusion to fabricate stripe-
geometry, DH GaInAsP/InP diode lasers with emission wavelengths in the 1.2- to 1.3-p.m range.
We found that efficient , reliable lasers can be obtained by this technique, although accurate
control of the diffusion depth Is required for optimum laser performance.

In preparing conventional GaInAsP/InP stripe-geometry lasers, an n-InP buffe r layer (n —

2 x io I8 cm 3), n-GalnAg P active region (n — 1016 to IO~~ cm 3), and p-Isp cap layer (p —
I0~~ cm 3) are grown successively by liquid-phase epitaxy (LPE) on an n-InP substrate , and
stripes are defined eithe r by proton bombardment23 or by deposition of an oxide coating 24’25 on
the upper In? surface. The diffused-stripe (DS ) devices described here utilize similar LPE-
grown structure, except that the upper InP layer is n-type (n -‘ 10 16 to ~~~~ cm ’

~
3) rather than

•
• p-type. To define the stripe s, a coating of Si02 or PSG is deposited on the upper In? surface,

windows of the desired width are opened in the coating, and Zn is diffused through the windows
to convert the upper InP layer and the GaInAsP layer to p-type (p — io 18 cm 3). Diffusion is
accomplished by annealing in an evacuated , sealed fused-silica ampoule . using ZnP2 as the
source of Zn. The upper Isp layer is 2 to 3 p.m thick , and the GaInAsP layer Is 450 to 2000 A
thick. After growth, the substrate side of the wafer is lapped down to -‘75 p.m. and contacts of
Au/Zn and Au/Sn are applied to the stripe and substrate sides of the device.

Figure 1-15 shows the cleaved cross section of a DS laser in which the stripe was formed
by diffusing Zn through an opening 13 p.m wide. In this case , the diffusion fron t stopped at the
Interface between the GaInAsP active layer and the n-IsP buffer layer (where the p-n junction is
about 16 p.m wide), and optical guiding is observed within the stripe cavity under both spontaneous
and lasing conditions. Satisfactory lasers are formed only if the diffusion front stops at the
Interface. If the front fails to reach the interface , no index guiding is observed and the near-
field emission in the spontaneous mode behaves like tha t of an oxide-defined-stripe laser. In
addition , the threshold current is high, external quantum efficiency 

~~~ 
is low, and the emission

wavelength is shorter, On the other hand, if the diffusion extends beyond the interface by even a
few tenths of a micrometer into the InP buffe r layer, a twin-laser diode is formed , with laser
action occurring within the quaternary layer near the two sides of the stripe. For such diodes.

is low and the output linearity Is poor.
Figure 1-16 shows the th reshold current density 

~~~~ 
as a function of stripe width (S) for

pulsed operation of a number of DS and broad-area (BA) lasers from a Zn-diffused wafer In which
a. - -
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the diffusion front stopped at the active-layer/buffer-layer Interface , as in Fig. 1-15. The BA
devices (S = m) were fabrIcated in the same way as the 1)6 lasers except that no oxide mask was
used during diffusion. The values for both 1)8 and BA devices exhibit more scatter than ob-
tained for proton-defined-stripe (PDS) 23 or oxide-defined-stripe (01)8) 24 lasers. For the DS
lasers, with decreasing S the lowest value for each stripe width remains about the same
(— 3 kA/cm2 ) until S reaches 30 p m, below which 

~th increases rapidly. For S ~ 10 pin. is
lower for the best DS lasers than for P1)6 devices , but junction-defined, buried-stripe (JDBS)
lasers have still lower thresholds.24 For pulsed operation, the DS lasers show total optical
confinement within the S for drive currents up to 6 times threshold.

Lasers with sufficiently narrow stripes generally exhibit single-mode emission. Emission
spectra for CW operation of such a laser with S = 9 p.m and cavity length (L) of 250 p.m are shown
in Fig. 1-17 for heatsink temperatures of 21° and 49°C. For operation up to about 4 0 C , 

~d ~
nearly constant at —40 percent/facet, but It decreases rapidly at nigher temperatures. The
spectra at both 21 • and 49°C show single-mode operation at most current levels. Multimode

-• 
emission occurs only within narrow current ranges (5 to 10 mA at 21 °C) over which the outpu t
shifts rapidly to longer-wavelength modes with increasing current. The wavelength shift over
these current ranges is about one to two mode spacings (10 to 20 A). For a partIcula r longitudinal
mode, at 21 °C the shift in wavelength with current is insignificant up to —200 mA, but at 49°C
the shift Is of the order of 0.1 A/mA for currents up to ‘—300 mA. With increasing heatsink
temperature, the wavelength of a particula r mode increases at the rate of 0.85 A/K. This is
much less than the values of 3 to 5 A/K reported25 for multimode lasers, which include shifts
due to mode instability, but is the same as observed26 for GaInAs P/ inp lasers with distributed
Bragg reflectors.

The DS lasers also exhibit good lateral-mode stability. Figure 1-18 shows the near-field
emission measured by scanning a Ge detector parallel to the junction plane of a laser with
S = 7.5 p.m. L = 475 pin , and emission wavelength (A L) of 1.30 pin. The laser output is linear

• up to 6 mW , and 
~d is 22 percent/facet. The emission shows a single lateral mode. For drive

currents up to 140 mA, the peak of the near-field pattern is almost stationary, at higher currents,
the peak begins to shift but the lowest-order mode still dominates.

The lowest threshold current 
~
1th~ 

that has been achieved for room-temperature CV.’ opera-
tion of the 1)8 lasers is 70 mA (corresponding to = 2.8 kA/cm2 ), for devices with L = 280 p.m.
The temperature dependence of is generally greater for 1)6 lasers than for PDS devices with
the same emission wavelength. For example, the laser of Fig. 1-17 has values of 86 and
156 mA for CW operation at 20° and 50° C, respectively — an increase of — 80 percent compared
with — 60 percent that we have observed for PDS devices over the same temperature range.
Figure 1-19 shows for pulsed and CW operation of another DS laser (A = 1.29 pin ) as a function
of heata lnk temperature. Between 20° and 60°C, I~~ (pulsed) can be approximated as I

~ 
(exp T/T0).

with T0 = 57’C. compared with T0 values of 80 to 90°C for P1)6 lasers. As shown in Fig. 1-19,
CV.’ operation of this laser has been achieved at heataink temperatures as high as 66 C. The
thermal Impedance, as determined from the difference between pulsed and CW values of L~. is
about 20 C/W near room temperature and increases to 30 °C/W near 60 SC. This increase In
thermal impedance is not currently understood. In view of the observed dependence of emission
wavelength on drive current, the change In impedance does not seem to result from the Seebeck

• • effect, as Is reported27 to be the case for 01)8 GaAs/GaAlAs diode lasers.
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• Life tests are in progress on two 1)8 lasers that are in CW operation at room temperature
with power Inputs of a few mllliwatts. Both devices have already logged over 6300 hr. On the
basis of these very limited results, it appears that 1)8 devices are comparable In reliability to
conventional GaInAsP/JnP PDS lasers. .r. J .  Hsleh
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II. Q U A N T U M  E L E C T R O N I C S

A. HIGH-REPETITION-FREQUENCY MINI-TEA CO2 LASERS

In our efforts to construct a miniaturized TEA CO2 (mini-TEA) laser system with high pulse
repetition frequency (PRF) and good mode quality, we previously reported achieving a PRF in
excess of 200 Hz using an arrangement in which the gas flowed transversely through the active
laser volume and directly into the atmosphere.1 At 200 Hz and 1.5 clearing ratio, the gas con-
sumption rate is over 40 1/mm . For higher PRF and the larger clearing ratios needed to obtain
the highest power levels available, the gas dissipation rate becomes excessive. For this reason,
we decided to build a semi-open circulating gas-flow laser system in which a small fraction of
the gas flowing through the laser region is continuously replaced.

.—r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - , -
~~~I

‘a’-

-: ° - II  Ib) - 
~~~-

Fig. II-!. High-repetition-rate circulating gas-flow mini-TEA C02—laser systems:
(a) tubular unit; (b) cylindrical unit.

Two distinct systems were designed and constructed; they are shown in Figs. 11-1(a) and (b).
Both we re designed for use with the original laser body and UV preionizer,2 and employ a single,
resonantly charged , thyratron-actlvated firing circuit for both the preionization and main die -
charges. A description of these systems, along with a discussion of their operation at high PRF ,
is given below.

1. Tubular Unit

The tubular unit [Fig. 11-1(a)) consists of a simple recirculating system built of 10- and 5-cm 
•
~ 

-plastic tubing and two Plexiglas pieces shaped to permit a transition between the tubing and the
• laser body while maintaining a constant cross section for the gas flow. The 10-em tubing sec-

t ion conta ins a heat exchanger and a 7.5-em-diam recirculating fan. The unit was normally
operated at a gas-bleeding rate of 5 1 / m m . , but it has operated arc-free for several minutes at

- - 400 Hz with a bleedthrough rate slightly below 1 1/mis.

_ _ _ _- 
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The laser has been run at capacitor charging voltages between 11 and 18 kV. Per-pulse
energy outputs of 45, 40, and 21 mJ have been obtained at PRFs of 100, 200 , and 500 Hz, re-
spectively. Thus , at 500 Hz the mini-TEA laser achieved an average output power level of
10.5 W. This laser system was used in the second-harmonic-generation (SUG) experiments dis-
cussed below.

2. CylIndrical Unit

This unit (Fig. 11-1(b)) consists of two semi-cylinders of equal length placed nonconcentri-
caily on each side of the laser so that their spacing at the top is equal to the laser interelectrode
distance (4 mm), while the spacing at the bottom is sufficiently large to hold a fan and a heat ex-
changer. Short constant-area spacers are placed between the laser body and the semi-cylinders
to reduce turbulence in the active region. Due in large measure to these shorter constant-area
flow s.~ctions, this system is considerably more compact than the tubular unit.

Preliminary laser operation tests have been performed with this unit. Per-pulse energy
outputs of 55. 43. and 27 mJ were obtained at PRFs of 50, 200 , and 350 Hz , respectively, Th is ,
at 350 Hz the average output power was 9.5 W. The highest frequency obtained before the onset
of arcing was slightly over 400 Hz. However , the present system is operating with a smaller
fan than the one in the tubular unit. Since the PRF is limited by the gas-flow rate, we believe
that the introduction of the larger fan into this unit will increase the ultimate achievable fre-
quency to above 500 Hz for this system as well; this will be tested shortly.

The higher pulse energy levels obtained at low PRF in the cylindrical unit are probably due
mainly to differences in stray circu it inductance since the laser geometry in the active region,
the electronics, and the optical components are nominally identical in both systems.

The outputs of both units are in low-order transverse modes, because the small active
cross-sectional area (4 X 4 mm) of the laser is comparable to the area of the TEM00 cavity mode.

-
• 

The mode quality is maintained at high repetition rates because of the rapid removal of the dis-
charge gases from the active volume between pulses. The TEM 10 appeared to be the dominant
mode at the highest output power levels, and approximately half the laser power was available
In the TEM00 mode by placing apertures in the cavity.

Each of the units meets the original design criteria , which were for a simple , compact unit
-. with sufficient gas-flow stability and velocity to provide a high PRF (— 500 Hz) with pulses of good

mode quality at energy levels approaching 20 mJ.
These mini-TEA lasers are to be used as the fundamental frequency pump for SilO In con-

junction with CdGeAs2 as the nonlinear frequency-doubling crystal.3 Good mode quality of the
laser output Is particularly important for SHO, where a fundamental Gaussian beam is desirable
for high conversion efficiency. To establish the efficacy of the mist-TEA laser for this applica-
tion, SHG experiments were carried out with the tubular laser system providing the fundamental
pump frequency at PRFs of 350 and 405 Hz. The results are shown in FIgs. 11-2(a) and (b). re-
apectively. To obtain these results, the CO2-laaer beam was weakly focused through a BaF2
lens to a calculated spot size of 700 pm at the CdGeAs 2 samp le face. The sample was
antireflection-coated and cooled to liquid-nitrogen temperature. The input to the nonlinear

- - 
crystal was varied by placing filters of varying transmittance between the laser output and the
focusing lens.

The results show that the mini-TEA laser output takes the SilO process well into a saturn-
tion regime; observation of the square-law dependence of P(2w)/P(w) Is limited to Input levels
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Fig. 11-2. Average second-harmonic power generated by CdGeAa 2 crystal as a
function of average power from a mini-TEA CO2 laser, (a) PRF = 350 Hz;
(b) PRF = 405 Hz.

well below 1 W. that is , to the three lowest points in Fig. 11-2(a). The top point in Fig. 11-2(a)
corresponds to an average power second-ha rmonic conversion efficiency of over 28.5 percent,
which is the highest value reported to date for C02 -laser frequency doubling. The SilO at 405 Hz
was carried out at somewhat higher laser pump energy and , as shown in FIg. 11-2(b), yielded a
power level over I W , corresponding to a 2.5-mi pulse energy and a peak power well above

: 25 kW at the doubled frequency. 
N. Menyuk
P. F. Moulton

B. MAXIMUM EFFICIENCY OF A TWO-PHO TON RESONANT
T H I R D-H A R M O N I C - G E N E R A T I O N  PROCESS

The highest energy conversion efficiency observed for a two-photon resonant third-harmonic
generation (THG) process is 4 percent. This was obtained4 r tripling CO2 -laser radiation in

• a liquid CO-C2 mixture using a tight-focusing geometry (1-cm confocal parameter in a 10-cm
cell) in a double-pass configuration. A mirror was used to refocus both the fundamental and the
third-ha rmonic beams back into the cell. The conversion effic iency satu rated at an input power
level approximately a factor-of -4 below the laser-induced-breakdown threshold for the 8-nsec
duration C02-laser pump pulses at 9.35 ~m used in the experiments. Figure 11-3 shows the de-

- 
- pendence of the observed conve rsion efficiency on the CO2 Input power for a CO-C2 mixture with

a 0.083 relative CO peak absorbance. The latter is approximately proportional to the relative
- -. 

• CO concentration.5 We have varied the relative CO concentration from S to 25 percent and , in
• 

- . each case, have added SF6 to optimize the phaseinatching condition.6 The efficiency always Bat-
— ‘ urated at about the same level, The above variation In CO concentration correspond, to a
- 

~
• .  0.1 5-cm~

’t tuning of the vibrational two-photon resonance In CO. which hag a typical linewidth
of about 0 2 cm ’1 at these CO concentration,7 Although the THG efficiency saturates we have
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not observed any nonlinear attenuation of the CO2 beam as it passes through the cell. From
these experiments, it is clear that the saturation behavior cannot be explained by either breaking
of the phasematching condition due to field-Induced refractive index changes or pump depletion
due to two-photon absorption. Neither can the results be explained by any of the other lim iting
mechanisms discussed in Ref. 7.

In order to explain the above results, we have examined theoretically a general two-photon
resonant THG process. Our calculations show that the ultimate THG efficiency is limited by an
interference phenomenon between THG. two-photon-absorption, and Raman-scatte ring processes.
Furthermore, incorrect conclusions are reached if these processes are considered independently.
The coupled-wave equations , in MKS units , that describe the THG process for a plane-wave
geometry with beam propagation in the z-direction are given by
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where E1 and E3 are the electric-field amplitudes at the fundamental and the third-harmonic frs-
quencies, respectively; (E(t , z) = Re (E e t~kz) 1}. ,

~~~ 
and 77 3 are the wave Impedances (376.8 a/

refractive Index); and ~ k = k 3 
— 3k 1 Is the wave-vector mismatch. The quantitIes , • ~~

~ (w 3. w 1, w 1), ~ (w 3, w 1, —w 1) ~ (w 1, w 3, ~ c~3). and x (w 3, (&7 3. —w 3 ) ~ (w 1, w 1, ~‘w ~ ) .

-~

_ _ _ _ _ _ _  

____  ~
.; rj

~~
~.



—- - - • — • •-,----—-------- ------— — —- • • • - • - — -  
—- —— •—-

~~~~
—— 

— --r~ ~~~~~~~~
-——

~~~~~
- - - --—- - • — --

which constitute the nonresonant contributions to the third-order susceptibility tensor , are as-
sumed real. The two-photon resonant contribution is given by 5

= K 
— (1I 2)

where K is a real posit ive quant ity, w~ is the vibrational resonance frequency, and Aw is the
linewidth of the two-photon resonance.

There is an exchange of energy between the two electromagnetic fields and the mate rial sys-
tem corresponding to the parametric interaction, two-photon absorption, and Raxn an scattering.
The Raman process produces gain at and loss at w 3. Using Eqs. (Il-Ia) and (II-1b), we cal-
culate the attenuation of the total electromagnetic intensity as:

i~ 
2

a ( 1 E3 1 
+ 

1 E11 
~ — 

(i)
j  (3) 1’1 E ~ + I E I 2,4~ E 2

8z \ 2n3 2771 / - 2 ~~~~ l I t  3~ I U ‘ ‘ 1

+ R e f E E e~~ haJ) (11—3)

where the first and second terms on the right-hand side of Eq. (11-3) represent losses due to the
Rain an scattering and two-photon absorption, respectively. The third term can eithe r be nega-
tive (energy flow from material system to fields ) or positive, depending on the relative phases.

When the phasematching condition ~.k 0 is satisfied and far from resonance where
Im < < (R e  + x ’3

~(~~1, w 1, w 1)J , It follows from Eq. (Il-Ia) that the generated third—
harmonic signal Is 90° out of phase with the fundamental beam. On resonance, however, where
Imx ~~~ >>I Re4~~ + X~

3
~(W 1,W 1,W 1)). there isa  180° phase difference. This difference in rel-

• at ive phases affects the parametric te rm in Eq. (11-tb), which gives rise to gain or loss depend-
ing on the resonance condition. On resonance there is gain, which reduces the effects of the
two-photon-absorption term , i.e., the total attenuation at the fundamental frequency is smaller
that that calculated from the two-photon-absorption cross section neglectIng the THG process.

If the nonresonant terms in Eqs. (Il-la) and (Il-tb) are ignored , it can be shown that 8E3/Oz =
8E 1/az = 0 when

E ~~~~~ + 2E 3E~ = 0 (11-4)

is satisfied. The THG and the absorptive processes then saturate , even though the generated
- - third-harmonic intensity is only one-quarter of the transmitted intensity at the fundamental

frequency.
- - For exact resonance, neglecting the nonresonant contributions to the THG efficiency

• 
- 

and the nonlinear absorption can be calculated analytically; solving Eqs. (It-la) and (fl-lb) with
- • 

- - 
- ~ k = 0 and assuming the boundary conditions E 3 = 0 and E1 = E1(0) give the transcendental

expression

3E — E1E3 + E = 3E 1
(0) 2 expl_ _.!_ arctan 

~ 
— 6E11E3 1 

(11-5)

The intensity at the third-harmonic frequency grows rnonotonlcally until it saturates at E1 = — 2E 3.
• - .. which substituted into Eq. (11-5) give, a maximum THG efficiency of 17 percent. At this conver-- - - 

a b a  level, the nonlinear absorptIon Ia 14 percent; thea. 69 percent of the fund amental beam
power is transmitted through the nonlinear medium. The fundamental and third-harmonic beams
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propagate in the nonlinear medium without further exchange of energy, regardless of the inten-
sity level or medium length.

We have suimerically calculated the THG power conversion efficiency including the nonres-
onant susceptibility terms for the liquid CO-O2 system for arbitrary detuning using Eqs. (lI-ta)
and (11-tb) and assuming a collimated beam geometry with a TEM00 mode incident laser beam.
Electrostriction, molecular reorientation, and the nonlinear electronic polarizability all con-
tribute to the nonresonant third-order susceptibility tensor, The electrostrictive effect , how-
ever, has a slow response time given approximately by the ratio of the laser spot size to the
acoustic velocity (— ‘100 nsec for a 100-urn spot size). This effect can therefore be ignored for
pump pulses of a few-nanoseconds duration. The molecular reorientation effect , with a typical
relaxation time of 10 12 sec , contributes only to the AC Kerr effect; the corresponding third-
order susceptibility tensor satisfies the relation x~

3
~(w1, w1, —w 1) = 2~~

3
~(w 3, w11 —w1). When

this is used in Eqs. (Il-ta) and (Il-Ib) , it can be shown that the Kerr terms due to molecular
reorientation cancel when the equations are combined to calculate the THG efficiency. It is
therefore only necessary to include the nonlinear electronic polarizability in the nonresonant
terms. The third-order nonresonant electronic susceptibility. 

~~~~~~~~ 
is smaller than the non-

linearity due to molecular reorientation in liquids such as CO-O2 mixtures. Our measured
value relative to the peak value of in C O O 2 is = 0.015 K at a CO peak absorption of

8 percent. The tensor has the properties x = x~
3
~(w 1, 1&71, w1) ~~

3
~(w1, w1, — w 1) =

~~
3
~
(w3, 4)4, —W

1
).

Figure 11-4 shows the results of a numerical calculation of the third-harmonic power con-
version efficiency for ~ k = 0 in liquid CO-02 (8-percent CO peak absorbance). The figure gives
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the dependence of the conversion efficiency on the product of the cell length .1 tImes the CO
2input intensity 11(0) for exact two-photon resonance and for a detuning corresponding to one and

three linewidths. The figure also shows the transmitted CO2 pump power. The total power
attenuat ion due to two-photon absorption and Raxnan scattering at 1I~ (0) = 5 x t0~~ W/cm is
13.7 percent on resonance , and 14.2 and 8.7 percent for a detuning of ~ w and 3kw , respectively.

It is assumed in Fig. 11-4 that the pump laser is detuned to the low-frequency side of the
two-photon resonance. Detuning in the oppos ite direction results in slightly lower conversion
efficiencies; thus , higher input intens ities are required to reach maximum conversion. This
is due to interfe rence effects between the resonant and nonresonant third-order susceptibility
tensors,

The calculations show that higher conversion efficiencies are attainable when the pump laser
is tuned slightly off the two-photon resonance, provided that no other limiting mechanisms such
as laser-induced breakdown become important. For reference , the laser-induced breakdown
threshold in liquid CO-O2 mixtures for a 120-pm spot size is about 3 X 10 10 W/cm2 for 8-nsec
pulses , and the threshold is inversely proportional to the spot size and the square root of the
pulse durat ion.

The CO-U 2 system using the R(6) pump line cannot be detuned by more than a linewidth by
changing the liquid mixing ratio. It is still possible, however , to increase the conversion effi-
ciency beyond the 17-percent level (at exact resonance) by adopting a multipass technique in
which only the fundamental beam is resonated , since there is only 14-percent power loss after
a single transit through the nonlinear medium.

Our measured maximum eneriy conversion efficiency of 4 percent for a tight-focusing
geometry may be consistent with thc~ calculated maximum efficiency of 17 percent for collimated
beams. For tight focusing, it is reasonable to expect a lower maximum efficiency since the
phasematching condition is sensitive to phase distortions of the Gaussian beam profiles due to

- 
- pump-dep letion and Raxn an-scattering processes. Quantitative calculations, however, are more

complex and have not been carried out. 
H. Kildal
S. R. J. Brueck

j C. FM MODE-LOCKED Nd 0 5La0 5P5014 LASER

Using the high-Nd-co ncentration material Nd 0 5La0 5P 5014[(Nd , La) PP 1, we have constructed
a FM mode-locked laser with output pulses — 14 psec wide at a repetition rate of 480 MHz. The
primary advantages of this material are its wide fluorescence bandwidth (— 25 cm 1) and its large
emission cross section , which simultaneously allow short laser pulses and low threshold CW
operation.

The laser design , illustrated in Fig. 11-5, uses an astigmatically compensated three-mirror
• cavity of the type commonly used for dye lasers.8 The small mode waist at the laser crystal

provides a low threshold , while the long cavity arm where the phase modulator is inserted has
a wide, nearly collimated beam. The laser crystal is 3.5 mm long with faces polished at

- - 
Brewster ’s angle and a laser polarization along the highest gain “b” direction. (Nd , La) PP has
been used rather than NdPP In orde r to lower the fluorescence concentration quenching and de-
crease the 111/2 resonant absorption loss. Cryst als were grown by the technique described in

-

- 

- - 
Ref .9. Nearly all the pump radiation at 585 inn Is absorbed In the crystal, except for a small
amount used for alignment.

- 
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The phase modulator is a crystal of LiNbO 3, 4 nun2 X 20 mm long, mounted in a tuned pack-
age with Q — 150 to lowe~~the RF drive power. The modulation depth at 633 nm has been mea-
sured with a HeNe laser and , using reported data on the electrooptic coefficients at 633 and
1060 nm (Ref. 10), the phase retardation in radians at the laser wavelength of 1050 nm was found
to be 6 0.5 ‘~1P , whe re P is the power in watts. The opt ical length of the laser cavity, which
was adjusted to match the 480-MHz center frequency of the modulator circuit , was about 31 cm.

The laser output was measured by several methods. At the partially transmitting corner
mirror, one beam was detected with a relatively slow Si photodiode in order to monitor the
average output power, and the other beam was focused onto a small-areaGalnAs pphotocliode
whose output was put into a sampling oscilloscope (s ee also Sec. I-C) . This output , with a detector-
limited, minimum measured width of 80 psec as shown in Fig. 11-6 , was used for coarse align-
uient of the cavity and to monitor continuously the output pulse train. The beam from the flat
output mirror was measured by three different methods: direct SHG enhancement with a
Ba2NaNb 5O15 crystal, pulse intensity correlation with a scanning Michelson interferometer fol-
lowed by the SHG crystal, and spectral measurement with a scanning Fabry-Perot interferometer,

Using two output mirrors with 0.5- and 1.0-percent transmission, thresholds of 23 and
28 mW were measured, with corresponding single-ended slope efficiencies of 5.6 and 9.7 per-
cent , respectively. The round-trip nonresonant internal loss was calculated to be 1.4 percent.
Typical single-ended average output powers were from 4 to 8 mW. The maximum measured
SHG enhancement factor of 53 implies a pulse duration of — 13 psec , assuming a Gaussian pulse
shape. The direct intensity correlation scans seemed to be more sensitive to the cavity align-
ment; the minimum measured correlation function width was 20 psec , implying a Gaussian
pulse width of 14 psec. This is less than half the shortest value reported for CW Nd :YAG
lasers.11 With modulation power of 300 mW (6 — 0.27) and cavity loss of 0.03, the pulse width
calculated from the theory of Ref. 10 is 13.6 psec, in excellent agreement with the measurement.
The product of the measured spectral width and pulse duration was —0.66, compared with the
theoretical value of 0.624 (Ref. 10), showing that no significant extraneous frequency chirp was
present.

The high gain dens ity of (Nd , La)PP allows the use of very small laser crystals , wi th re-
suiting advantages of lower dispersion and use of shorter laser cavities. With lower cavity
loss , greater modulation, and higher modulation frequency, pulses less than 10 psec wide
should be attainable. Development of suitable semiconductor lasers or LEDs to pump the
800-nm Nd3+ absorption band should enable development of a small and efficient (Nd , La)pp¶ mode-locked laser, 

S R. Chinn
W. K. Zwickert

D, Ce:YLF LASER

Stimulated emission from a 5d — 4f transition in a triply Ionized rare-earth doped crystal
has been observed for the first time. Ce~

3 ions in YLF (UYF 4) were optically pumped at
249 nm and lased at 325 nm. This wavelength is the shortest ever obtained from an optically
pumped solid-state laser. The characteristics of the Ce:YLF laser, because of the electric-
dipole-allowed nature of the transition and the strong coupling between the 5d state and host
lattice, differ strongly from more conventional rare-earth doped solid-state lasers, The laser

— - - t Philips Laboratories , Briarcliff Manor , New York.
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transitions in those devices occur between 4f levels and are characterized by long (>10 p2cc)
spontaneous emission lifetimes and narrow (“10 cm ”t ) linewidths. In contrast, a lifetime of
roughly 40 nsec and an emission linewidth of — 1500 cm”1 have been measured for the lowest-
lying Sd leveL Because of the short lifetime, large linewidth, and short wavelengths required
for optical excitation, stimulated emission from Ce:YLF is most readily achieved by using an
excimer gas laser for pumping. A KrF laser was used to longitudinally pump a 700-pm-thick
plate of Ce:YLF (i-percent doping), placed in the center of a 5-cm -long optical cavity. The
pump-laser pulse width was 25 nsec, FWHM. The threshold behavior of the Ce:YLF laser is
shown in Fig. 11-7; the nonlinear output response above threshold is probably due to heating ef-
fects in the crystal. The maximum output energy observed was — f .i.T, but the f-percent-
transmission output mirror undoubtedly resulted in severe undercoupling. The laser wave -
length, 325 nra , was at the peak of the spontaneous emission spectrum.

15-1-5151

I

2 - / Fig. II-?. Threshold plot for Ce:YLF
7 (325—nm ) laser with KrF (249—nm)

/  

pumping.

P
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Further experIments will have to be done, especially toward demonstrating wideband tun-
ability, but the Ce:YLF laser, pumped by an exclmer gas laser, has the potential for becoming
a powerful source of tunable near-UV radiation.

D. J. Ehrlich
: P. F. Moulton

R. M. Osgood, Jr.

E. ALKALI-META L R ESO NANCE-LINE LASERS BASED
ON PHOTODISSOCIATION

A series of new alkali-metal lasers has been obta ined based on excitation by photodissocla-

P 
tion of alkali-halide salts with the output of a small exclzner laser. The lasers have Important
potential practical utility since all emit on the resonance lines of the ir respective alkali metals.
High-intensity, pulsed resonance-line sources can be readily used as probe. In remote sensing
of alkali metals in chemical and atmospheric applications. The facts that these atomic lasers
possess extremely low excimer-purn p thresholds (— 10 11J) sn~ hat the salt-sample cells can be
operated Indefinitely on a single samp le fill mean that small, simple resonance-line lasers are

- 

,
-- -P 
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feasible. The realization of such sources has been greatly simplified by the development of in-
tense UV-laaer pumps , principally excimer lasers and frequency-multiplied Nd :YAG lasers.t2

In this connection, there have been a number of recent reports of atomic photodissoclation lasers
including In (Ref. 13), Se (Ref. 14), Na (Ref. 15), and TI (Ref. 16). However, we have found that
photodissoclation of alkali-hal ide salts is a technique with general applicability for producing
resonance-line lasers. Fu rther, important physical details regarding the photodissociation
process are revealed by the properties of these lasers.

The experimental arrangement was similar to that previously described for ’ the TII laser.16

Pulses of —1 to 10 mJ and 25-nsec duration from an ArF (193-nm ) or a KrF (249-nm ) laser
were weakly focused into sealed , unbuffered sample cells containing the salt to be photodisso-
ciated. The cells were heated in ovens of various designs to temperatures as high as 1000 C.
A copper cooling rod was inserted near the center of the cells to create a small cold spot away
from the windows. The sample cells were constructed from standard 10-cm-path-length spec-
trometer cells of ultraviolet-grade fused silica. Each cell was subjected to vacuum bakeout for
several hours, then filled with a few milligrams of alkali-halide salt (Ultrapu re grade, Ventron
Company). The vacuum bakeout was resumed for several additional hours at a temperature of
2000 C in order to remove any free metal, free halogen, or other volatile Impurities, and finally
the cell was sealed off. Both iodide and bromide salts were examined in the study.

S P S P 0 S P D S P 0 F
ENERGY OF ArF I I I
LASER PHOTON —4 I — — —

I

20.000 -

No K Rb I-

- 
I

p$-OO - 15?s4-1I

Fig. 11-8. Atomic laser trans itions observed with ArF dissociation of alkali-iodide
salts. Script numbers to right of levels are principal quantum numbers.

-
- 

- Figure 11-8 illustrates the laser trans it ions which were observed when a series of iodide
salts was dissociated with 193-mn light from an ArF laser. In the figure , each alkali ground
state Is displaced by the dissociation energy of the molecular ground state.t7 The heavy dashed
line at the ArF photon energy therefo re intercepts each energy-level diagram at the maximum
electronic energy which may be produced by single-photon dissociation of the vibrationless
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molecular ground state. Because of the large dipole moments for most of the transitions studied
here, the threshold for superfluorescent stimulated emission in the cells was extremely low,
and it was not necessary to use mirrors for the experiments reported here. Operating tempera-
tures were generally between 500 and 700 C, corresponding to vapor pressures from tO ”4 to
5 X 10~~ Torr. D.J. Ehrlich

R. M. Osgood , Jr.

F. PHOTODEPOSITION OF METAL FILMS WITH MICROSCOPIC DIMENSIONS

The use of UV and visible lasers to initiate photodepositlon and photoetching processes that
may be useful in microelectronIc technology is being explored. The deposition of metallic cad-
mium films with microscopic features has been demonstrated using a pulsed ArF excimer laser’
to dissociate dimethyl cadmium.

Dimetbyl cadmium. Cd(C H3)2, or DMCd for brevity, exhibits a broad UV absorption band
centered at 215 am. Earlier’ photodissociation experiments using incoherent sources showed
that absorption by this band leads to the production of cadmium atoms , with CCICH 3 also being
formed. The ArF pulsed excimer laser, operating at 193 nm, provides a convenient, energetic
source for the photolysis of DMCd. In a typical experiment a 10-cm stainless-steel cell was
filled with 1.0 Torr DMCd. and a pinhole illuminated by the ArF laser beam was imaged on the
rear window of the cell. Metallic deposits of cadmium were usually obtain ed in I to 10 pulses.

C, Deposition requires energy densities of —0.2 J/cm2 , corresponding to pulse energies of less than
I mJ. Typical deposits had diameters of 200 ~m, a dimension determined by the pinhole diam-
eter. Dektak stylus scans of the deposits showed heights of up to I ira , with edge feature s

- - - 
sharper than 10 an. The depos ition height was not linear with the number of shots; damage to
the deposit by the beam caused cratering. and limited the height.

With improved optics , the sharpness of the features that can be generated may be limited
by diffusion of the metal atoms at DMCd pressures of I Torr. Hence , inert gas buffers may be
required to obta in the sharpest featu res. The effect of a helium buffe r on the deposition process
was examined, Addition of 27 Torr helium to 1 Tory DMCd essentially prevented deposition;
deposits were still obtained with the addition of 10 Torr He. This effect is not yet understood.
Current experiments are aimed at determining the resolution limits of the deposition process .
improving reproducibility, understanding the deposition process , and examining other donor’
molecules. T. F. Deutach

D. J. Ehrllch
R. M. Osgood , Jr.

C. INFRARED - SUBM ILLIME TER DOUBLE RESONANCE IN CH 3F
USING RERADIATION FROM SCHOTTKY-BARRIER DIODES

The tunable sideband spectrometer described in previous Solid State Research Reports
(see p. 15 in Ref. 1, and p. 24 in Re f. 18) has been applied to an infrared-submillimeter double -
resonance investigation of the rotational spectra of vibrationally excited states of the molecule
CH 3F. There have been extensive Infrared-infrared double-resonance studies of molecules
using tunable near-infrared lasers.19 Now, for the first time , a broadly tunable coherent sub-
millimeter source and a fixed-frequency Infrared source have been used to probe directly ex-
cited vibrational levels which were heretofore inaccessible. With this technique , not only can

-
, 

-
- significant improvements in the accuracy of particular molecular constants be obtained , but

also the kinetics of energy transfe r can be Investigated.
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Fig. 11-9. Double-resonance spectrometer.

The experimental configuration is shown schematically in Fig. 11-9. Any of the numerous
fixed-frequency submillimeter ’ laeer lines can be mixed with microwave or UHF signals in a
corner-reflector-mounted GaAs Schottky-barrler diode2° to generate tunable sideband.. The
sidebands are directed through a sample cell and are detected coherently with high efficiency in
a heterodyne receiver using a second corner-reflector-mounted Schottky diode. Optical diplexers
in both the mixer and detector arms couple the laser radiation into the diodes with minimum loss,
A CO2 laser was used as the Infrared source to excite the vibrational states.

The sample cell has quartz windows which are highly transparent to the subrnilhlmete r radi-
atlon. They are used as reflectors at 9.6 in-i to enable the CO2 beam to propagate coilinearly :- 

-

with the submillimete r beam. An electret microphone mounted inside the cell monitors precisely
the vibrational absorption of the CO2 radiation. The double-resonance signal I. observed by
chopping the CO2 beam and synchronously detecting the absorption (or emission) of subra illimeter
radiation.

As a demonstration of the technique, the centrifugal distortion splitting, have been studied
in two sets of rotational transitions in the v 3, v = 1 state of CH3F. The 458.5- and 742.6-pin
subnrlUiznete r laser lines of RCOOH were mixed with IF signals of 600 to 1100 MHz to generate - 

-

approximately ~o”
~ W beams of tunable sidebands which were detected with S/N ratios of up to

40 dB. The 9.55-pm P(20) line of the 20-W CO2 pump laser was tuned to populate the v3, v 1;
J = 12; and K . . I and 2 states of CH3F, where J Is the total rotational angular inrunentum and
K is the projection of J on the C-F axis. The cell was operated at pressure, of 30 to ZOO mTorr,
just high enough to collisionally populate the other rotational levels of the v 3, v = I state. The
centrifugal distortion sp littings (— 2K 2JD,~~1) of the J 7 -.8, AK = 0, K = 0 to 7 and the
J = 12 — 13, AK = 0, K = 0 to 4 sets of rotational transitions were observed. Table Il-i lists

- 
~~

- the measured frequencies of these transitions. A value of DJKI = 0.517 ~ 0.004 MHz was ob.-.
ta m ed, which represents a significant improvement over previous data.~~ One check on the con-
sistency of the data Is that one can predict to within 1 MHz the frequency of the well-known

;‘ 3 = 12 — 11, AK = 0, K = 2 CR3F laser transition at p = 604,297 MHz.
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TAB LE Il—i
MEASURED FREQUENCIES OF TWO SETS

OF ROTATIONAL TRANSITIONS IN THE V
3 

STATE OF CH3F

J = 7 — .8, AK = 0 Transitions J = 12 -. 13, AK = 0 Transitions
K v (MHz ) K v (MHz)

0 403043.5 0 654635.3
1 403035.3 1 654622. 1

2 403010.7 2 654581.6
3 402969.2 3 654514.7
4 402910.8 4 654420.7
5 402835,6 — —

6 402743.4 — —

7 402632.9 — —

This is the first demonstration of a submillimeter-infrared double-resonance technique which

r has general applicability to molecules which can be optically pumped. Virtually all the lower-
lying rotational levels of the excited state can be probed, not just the levels which are pumped.
Finally, the time response of the heterodyne receIver is fast. This enables one to directly in-
vestigate the kinetics of collision-induced population transfer among the rotational levels of the
excited state. Important physical effects which may contribute include collisional selection

— rules arising from the C3,, symmetry of CH3F and vibrational energy exchange between ground
and excited-state molecules. Such kinetic studies should facilitate understanding the detailed
operation of subinillimeter lasers.

W. A. M. Blumberg D. D. Peck
H. R. Fetterman P. F. Coldsmith t

:~ ;~

t University of Massachusetts, Amherst.
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III. M A T E R I A L S  R E S E A R C H

A. LASE R ANNEALING OF Se-IMPLANTED InP

In a previous report1 we presented the results obtained in a study of the effects of laser
annealing on the electrical properties of Se-implanted GaAs layers. Good electrical activation
was achieved, but we observed the formation of (111) defect planes that degrade the electrical
characteristics • We have now extended this study by conducting a series of laser-annealing
experiments on InP, for which no such experiments have been reported in the literature . The
electrical prope rties obtained by laser annealing of Se-implanted InP layers are compa rable
to those obtained by thermal annealing , and defect plane formation is much less pronounced
than in the case of laser-annealed GaAs. ; 

-The InP samples were rectangular bars about 0.5 x 1 cm in lateral dimensions and about
800 ~Lm thick that were cleavea from polished (111)13 slices cut from semi-insulating Fe-doped
single crystals. Test samples were implanted with I x to 14 cm ”2 400-k eV Se+ ions, while
control samples we re implanted with the same dose of 400-key Kr + ions. Implant tempe ra -
tu res of 20’ and 175’C were used, and during implantation the samples were tilted with respect
to the ion beam in orde r to minimize channeling. After implantation, about half the sample s
were encapsulated with 3000 A of phosphosilicate glass (PSG), which was then overcoa ted with
400 to 500 A of Si02.

The laser-annealing system was the same one used in the GaAs study.1 A cylindrical lens
focuses the beam from a CW Nd: YAG laser operating at 1.06 ~im to form a slit-like image on
the sample, which is mounted on a resistively heated platform that pe rmits the sample to j~scanned unde r the laser beam. The platform tempe rature generally used for lnP was 400CC ,
which is high enough for sufficient bandgap narrowing to allow eff ic ient  absorption of Nd : YAG
radiation, but still low enough so that there is no noticeable thermal dissociation in the absence
of lase r heating. During annealing, a forming gas (Ar/H 2 ) ambient was maintained around the
sample . A single laser scan at the rate of 9.5 mm/sec was made on each sample .

Table Ill-I summarizes the laser-annealing results for the Se-implanted InP test samples.
Thermal etching was observed for all the unencapsulated samples, but not for any of the en-
capsulated ones. After annealing, the effective sheet carrie r concent ration N 5 exceeded 2 x
io 13 cm ”2 for all but one of the sa mples listed, while the Kr-implanted control samples
mained high in resistivity, with N 5 < io 12 cm ”

~ . For the thre e best sample s, all of which
were implanted at 175 C and encapsulated during annealing. N 5 was between 6.8 and 8.3 x

— 
io 13 cm 2 and the effe ctive mobility 

~~ 
was 1300 to 1400 cm 2/V-sec. These values are corn -

pa rable to the N 5 and value s of 8.0 x ~~13 cm ”2 and 1800 cm2/V-sec. respectively, that
are typically obtained for similarly Se-Implanted InP samples that are thermally annealed at
750°C for 15 m m .  using PSG encapsulation.

Surface line s due to (111) defect planes were observed on only one of the laser-annealed
InP samples. The great reduction in defect plane formation compa red with GaAs may be due
to the use of (111) lnP substrates , rather than the (100) substrates used for GaAs . or to lower
thermal stress in In?. Lower thermal stress is expected because InP has a lower the rmal cx-

- 

- panslon coefficient and higher thermal conductivity than GaAs , and lowe r annealing temperatures
~i~c are required for good activation. On the (111) InP surface, the lines due to the defect planes
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intersect with each other at an angle of 60° . The one In? sample for which defect lines were
observed was the sample with the highest ~~~. Thus, the defects apparently have less effect on
the electrical properties of In? than they do in the case of GaAs. The reduction in degradation
due to defects may result because defects in In? are generally n-type and therefore do not tend
to compensate n-type material.

J .C.C. Fan C.O. Bozle r
3. P. Donnelly R. L. Chapman

B. ION-IMPLANTED, LASER-ANNEALED GaAs SOLAR CELLS

Although laser treatment of semiconductor materials is the subject of strong current in-
te rest, little has been reported to date on device fabrication utilizing the laser annealing of ion-
implanted layers, except for the preparation of single-crystal Si solar cells with an efficiency
of about 11 percent at AMI (see Ref. 2). We have now fabricated ion-implanted, laser-annealed
(II LA) GaAs solar celis with conversion efficiencies up to 12 percent at AM 1.

We previously developed GaAs shallow-homojunction solar cells, with conversion efficiencies
as high as 20 percent at AMI , that incorporate GaAs layers grown by chemical vapor deposition
(CVD) on either GaAs (Ref. 3) or Ge (Ref. 4) single -crystal substrates. These devices employ an

structure, without a GaAlAs window, in which surface recombination losses are reduced
because the n+_ layer is so thin that most of the photogenerated carriers are created in the p-layer
below the junction. The new LILA cells use a similar shallow-homoj unction n I’/p/ p+ structure, but
the n1’-layer is formed by implantation of Se ions into a p/p+.wafer.

A number of advantages can be expected for LILA solar cells. [on implantation is well suited
to the preparation of efficient shallow -homojunction cells, since the range of the ions is of the
same order as the required junction depth. In addition, the as -implanted depth profile of the dop-

-‘ ant can be accurately controlled and reproduced from run -to-run by fixing the ion energy and dose.
Furthermore, the lateral uniformity of the dopant profile is not very sensitive to surface ntor-
phology, a feature that may be important for polycrystalline solar cells, where surface roughness
is often encountered.

The damage incurred during ion implantation generally renders the dopant electrically in-
active, and annealing is necessary for electrical activation. For GaAs, conventional thermal
annealing is accomplished by heating the implanted sample to about 900°C for 5 to 15 m m . , but
this requires the GaAs surface to be encapsulated In order to prevent As loss. With laser heat-
ing, annealing may be achieved in a much shorter time, and without the necessity of encapsula-
tion. Laser annealing also has the advantage of minimizing the diffusion of the dopant .

In a recent study1 we achieved good electrical activation of Se-implanted GaAs by annealing
with scanned radiation from a CW Nd:YAG laser. On the basis of this study, we selected a set
of ion-implantation and laser-annealing parameters for fabricating LILA solar cells with an
fl+/p/p+ shallow-homojunction structure. An AsCl3-Ga-H 2 CVD system described previously4

was used to grow a p-epilayer about 3 pin thick on a single-crystal p+ substrate oriented 2°
off (100), toward (110). The epilayer and substrate were doped with Zn to concentrations of

- - -
- 

about 1 x 1017 and I x 1018 cm”3, respectively. The n’4’-layer was formed by Implanting 2 x
- ~ 10 14 cm ”2 400-keV Se ions In the p/p+_wafer at an implant temperature of 300°C. DurIng im-

plantation, the wafer was tilted with respect to the ion beam In order to minimize channeling.
The system used for laser annealing the implanted samples has been described previously.

The circular beam from a CW Nd:YAG laser operating at 1.06 pm is focused by a cylindrical lens

37

r 

~~ 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~

.
~~~~~~~ — - --~~ , ;1 

~~~~~~~~ 
-~~~~~~~-~~

:--- ~: : ~~~~4 ~~~~~~~~~~~~



~0 - 
S 

- 

- 

1~~~-1S2?OL

. . 
‘° 
•.~~~~° • 

-
~

°
~:~~~~~~~ So _______________ _________________________

VOLTS WAVELENGTH (sm)

Fig. 111-1. Photocurrent as a function Fig. UI-2. Quantum efficiency as a function
of voltage for an ion-implanted, lase r- of wavelength for cell of Fig. 111-1.
nnnealed (lILA ) GaAs cell with 12-percent
conversion efficiency at AMI.

A , ,. .  ‘I .~ 
—

50 — 

J0 ’ ~~ & 1O’~~ A /cm2 

—

Fig. 111-3. Short-current density J5~
as a function of open-circuit voltage
Voc at different illumination levels

0

1

? 
~~~~~~~~ 

~~ 

for cell of Fig 111-1

-
~ -: V~~ ( V )

%• ~1
-

38

L 1 ~~ ’

____



r - ___

into a slit-like image onto the GaAs sample . By mapping the image with a moving Si photodiod e
whose active area was covered by a mask with a 3-jan-diam hole , the power density was found
to be uniform to about *3 percent over a central area of 50 pm by 1.5 mm. The uncertainty in
absolute-power-density measurements is estimated to be about *10 pe rcent. During laser an-
nealing. the sample is held in a forming gas (Ar/H 2 ) ambient on a resistively heated platform.
The platform is mounted on a translational stage that permits the sample to be scanned under
the laser beam In the focal plane and normal to the long axis of the slit image.

Laser-annealing runs were made on two unencapsulated samples from the same ion-implanted
GaAs wafer. In each run the sample platform was heated to 580°C , the incident power density
within the central area of the image was about 3 kW cm 2, and the sample scan rate was about
0.5 mm sec”1. This rate was selected in order to reduce the formation of (111) slip pla nes. Our
earlier study showed an increase in the density of slip planes with increasing scan rate , and a

resultant degradation in the electrical prope rties of lILA layers. No such planes were observed
on either of the two annealed samples, although some regions of the surface were somewhat
roughened or gave evidence of slight thermal etching. Since the earlie r study showed that elec-
trical activation was increased by repeated laser scans , during each annealing run the sample
was scanned back and forth under the laser image a total of ten times — five times in each direc-
tion. In the first run, the sample was not moved laterally between scans , and three cells were
made from the section of the sample that had been exposed to ten scans by the central area of
the image. In the second run , the sample was tr anslated laterally by 0.23 mm after each scan ,
and a cell about 2.2 mm square was made from the annealed region.

The fabrication techniques used for the lILA cells were simila r to those used for our all-
CVD cells, as described previously?’4 No vacuum processing procedures were employed. The
back contact to the substrate was electroplated Au. and the front contact bar and fingers (de -
fined by photolithography) were electroplated Sn-Ag, By a series of alternating anodic oxidation

‘ and etching steps, the thickness of the n~
’-layer was reduced by about 2100 A f rom its initial value

of about 3000 A. The last of these steps was an anodization that formed an oxide layer about
850 A thick as an antireflection coating. The cell area was defined by conventional mesa tech-
niques. The areas of the four cells ranged from 0.28 to 4 .7 mm 2.

In making conversion-efficiency measurements, a high-pressure Xe lamp with a wate r filter
was used as a simulated-AM 1 source. Using a NASA-measured GaAs sola r cell as a reference,
the source was adjusted to provide an incident radiation of 100 mW/cm 2 . The measurements
were made at an ambient temperature of 2 5CC. Figure 111-1 shows the current-voltage curve for
the most efficient cell , which also had the largest area. The open-circuit voltage (V0~

) wa s
0.79 V, the short-circuit current density 

~~~~ 
was 20.4 mA/cm 2 (not corrected for the contact

finger area , which was less than 5 percent of the total), and the fill factor was 0.73, giving a
measuredefficiency of about 12 percent. The other cells had efficiencies of 9. 10, and 11 percent.

The quantum efficiency of the best cell is plotted as a function of wavelength in Fig. 111-2. The
values of quantum efficiency are about 20-percent lowe r than those of our best all-CVD cells .
This decrease corresponds well with the lower 

~sc measured in our lILA cells. Figure 111-3
shows the dependence of 3sc (in this case , corrected for contact finge r area) on as obtained
by a series of measurements on the best cell at diffe rent illumination levels up to about 10 suns.

- 
- 

The whole series was taken in about 10 sec to minimize heating at the high illuminations, with
the cell mounted on a coppe r block thermoelectr ically controlled at 25°C. From the relationship5
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Voc = A(kT/q) In 
~~~~~~~~ 

+ 1), where k is Boltzmann ’s constant , T is the absolute tempera -
tare, and q is the electronic charge, the diode factor A is about 1.8 and the saturation current
density J0 is about 4,5 X 10~~° A/cm2. Both values are higher than those for our best aU-CVD
cells, resulting in the lower Voc and fill fa ctor of the lILA cells.

Since the lILA GaAs solar cells are at an early stage of development, optimizing the lmplan-
tation and annealing parameters should lead to a significant improvement in their perfo rmance.
At this time we see no obstacles that would prevent their ultimate efficiency from approximating
the values that we have achieved for all-CVD homojunction GaAs cells.

t J.C.C. Fan G. W. Turner
R. L. Chapman C. 0. Bozle r
J. P. Donnelly

C. EFFICIENT GaAs HOMOJUNCTION SOLAR CELLS ON Ge SUBSTRATES

We previously reported6’~ the development of GaAs sola r cells, fabricated without the use
of Ga1 _~Al~As layers , with conversion efficiencies as high as 20 percent at AM 1, These cells
employ an n+/p/p+ structure, prepared by chemical vapor deposition (CVD) on single -crystal
GaAs substrates, in which surface recombination losses are reduced because the n+_laye r is so
thin that most of the carriers are gene rated in the p-layer below the junction We have now ob-
tained 20-percent efficiency atAM i with similarGaA s cells on single-crystalGe substrates. The
spectral response and efficiency of these cells show steady Improvementas the n+_layeris thinned
to 200 A by means of a controlled anodization-stripping technique.

The GaAs layers are grown on the Ge substrates in the AsCl3-Ga-H2 system shown schemat-
ically in Fig. 111-4. The reactor tube has an inner diameter of 55 mm, and the H2-flow through
the A5C13 evaporator and over the Ga boat is in the range 300 to 500 cm3

/min. The p and n
dopants are introduced in the vapor phase by using (CH3)2 Zn and H2S, respectively. The reactor
tube is vertical, allowing rotation of the substrate, which results in greater doping uniformity in
the layers. The substrate can be preheated in pure H2 just before being Introduced into the reac-
tant gas flow at the growth position.

The Ge substrates are oriented 2° off (100), toward (110). The substrates are prepared by
coating the back side with Si02 to reduce Ge autodoping of the GaAs layers during growth, and
the electron concentration In nominally undoped layers deposited on these coated substrates was
5 x 1015 cm ~

. The lattice constants and expansion coefficients of Ge and GaAs are well matched,
and thus a favorable condition exists for obtaining good-quality epitaxial layers.

The doping profile used for the solar cells is shown in FIg. 111-5. The p+ Ge substrate is
highly doped with Ga (8 x io18 cm 3) in order to overdope any As that may diffuse into the Ge
during the deposition of the GaAs, and to assure tunneling through any thin barriers which may
arise at the heterojunction interface, The p+ GaAs buffer layer is highly doped with Zn, again
to assure tunneling and also to overdope Ge diffusing into the GaAs during growth. The change
In hole concentration from 5 x 1018 cm~

3 in the buffe r layer to 1 x ~~17 cm 3 in the active
layer provides a back-surface field to increase the collection efficiency. In order to maximize

• 

- 

- the open-circuit voltage (Voe) of the cells, the carrie r concentration in the active layer should
be high, but Increasing the concentration reduces the electron diffusion 1ength .~ The preliminary
results of our computer simulations of the fl I /p/p+ structure show that the optimum concentration

-
- 
• in the active region Is in the low 1017 cm~

3 range, Because the diffusion lengths in GaAs are
larger for electrons than for holes, this structure should have better collection efficiency than

~.- ~1
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the complementary p+/n/n+ structure . The doping concentration shown in Fig . 111-5 for the
n+_layer, 5 x ~ot8 cm 3, is the highest obtainable with oj r CVD system. The n +_laye rs were
characterized by Hall and resistivity measurements on test specimens taken from each wafe r .
For the cells reported here , the sheet resistivity is in the range 45 to 100 ii/o, and the elec-
tron mobility is —1 000 cm 2

/V-sec.
An AR coating is produced on the n+_layer by anodic oxidation, which consumes a thickness

of GaAs equal to 0.66 times the thickness of oxide produced. The anodizing solution is prepa red
by adding 3-g tartaric acid to 100-mi H20, adjusting the pH to 6.2 with NH 4OH, and adding
250-ml propylene glycol (see Ref. 9). The thickness of the oxide layer is proportional to the
limiting voltage used for anodization. The thickness required for an optimum AR coating is
860 A, which is obtained for a limiting voltage of 43 V (see Ref . 7) .

Contact to the very thin n+_layer is made easily because of its high doping level. Electro-
plated Au forms ohmic contacts with a specific resistance of 8 X t0~~ Li -cm2 . E lectroplated
Sn also appears to form ohmic contacts , although their resis tance has not been measured.  Sn
has the advantage that in the solution used for GaAs anodization, Sn is also anodized forming
an oxide resistive enough to allow the GaAs to be anodized In the presence of Sn contacts.

Two diffe rent fabrication procedures are used for cells with Au and Sn contact fingers , as
shown schematically in Fig. lII-6(a-b) . For devices with Au contacts the n+.iaye r is anodized.
finger openings are then etched through the oxide using a photoresist mask , and , finally, Au is
plated using the same mask. For cells with Sn contacts the Sn fingers are olated using a photo-

• resist mask , the photoresist is then removed , and , finally, the n+_la yer is anodized . With this
procedure the n+_laye r is thicker under the Sn contacts than under the anodic oxide , so tha t there
is a large r separation of the metal from the p-n junction than with Au contacts. Because the
n+_ layer is so thin, the increased separation may be better for device yield and reliability.

The use of Sri contacts is advantageous for optimizing the n+ _laye r thick ness , since the
anodic oxide formed on GaAs can be stripped with dilute HC1 and the cell reanodized without
removing the contacts. Because the thickness of the oxide laye r is very uniform and easily
controlled by adjusting the anodizing voltage , a series of alternating anodization and stripping
steps can therefore be used for controlled reduction of n~~laye r thickness. The thickness of
GaAs removed during each anodization can be accurately determined by using ellipsometry to
measure the anodic oxide thickness and multiplying this value by the thickness ratio 0.66.

A mesa etch of the GaAs is used to define the active area of the cell , and the back contact
to the Ge substrate is made by Au pla t ing. No alloying or vacuum processing is used in cell
fabrication.

Measurements of spectral response as a function of n+ _laye r thickness were made on small
cells, 0.05 cm 2 in area , having two Sn contact fingers 0.5 mm apart connected to a Sn bar at one
end. The n+_layer, which was initIally 2000 A thick with a sheet resistance of 45 12/0 , was
thinned by alternate anodization and stripping. The external quantum efficiency, which is the
ratio of the number of carriers collected (I 5~/q) to the number of incident photons , was mea-
sured after each of three anodizations at 43 V so that the cells were antireflection-coated dur-
Ing each measurement. The values of and incident photon flux were measured as a function
of wavelength in a spectrometer which was arranged so that all the light fell between the two
contact fingers. The results for cell I are given in Fig. 111-7, which shows that thinning the
n +~layer results in a marked improvement in quantum efficiency, especially at shorter wave-

• lengths. This is expected because of the high absorption coefficient for GaAs (t 0~ to i0~ cm 1)
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TABLE 111—2
EXPERIMENTAL MEASUREMENTS OF GALLIUM ARSENIDE

SHALLOW HOMOJUNCTION SOLAR CELLS HAVING AN AREA OF 0.49 cm 2

AM 1 AM1Initial Sheet Total 
~ 

AM 1
• CVD Contact Resistance Anod ization oc sc AM1 Efficiency

Cell No. Wafer No, Metal (C/a) Voltage (V) (mA) Fi ll Factor (percent)

1 13 Au 102 ~3 0.99 12.0 0.82 20

2 11 Au 65 96 0.99 11. 4 0.83 19

3 9 Sn 62 86 0.91 10.9 0.79 17

4 11 Sn 65 106 0.99 11.8 0.75 18

5 11 Sn 65 116 0.99 11 .9 0.79 18
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which increases with decreasing wavelength,10 and the high surface recombination velocity, which
is believed to be around 106 cm/sec. The power conversion efficiency for each n4 .layer thick-
ness Is also given in Fig. 111-7. These values were measured with the cell fully Illuminated by a
simulated AMI source, with no correction made for the finger area.

FIgure 111-8 shows the final spectral response of cell 2, which was fabricated next to cell I.
The n’1’-iayer was slightly thinner than that of cell 1, and the response was therefore slightly
Improved at the short wavelengths. The curve for internal quantum efficiency, which is the ratio
of I5~/q to the rate at which photons enter the semiconductor , was obtained from the measured
external efficiency by correcting for the spectral reflectivity of the AR-coated cell. This curve
indicates that the cell design is very near the optimum.

The AM I power effic iencies of cells I and 2 and two other small cells fabricated side-by-
side on the same wafer are plotted in Fig. 111-9 as a function of n+_layer thickness. In order to
obtain additional thickness values, cells 2. 3, and 4 were first anodized to 10, 20 , and 30 V,
respectively, after which the oxide was stripped. All four cells were than anodized together to
43 V to provide an AR coating, st ripped, anodized to 43 V. stripped again, and once more anod-
ized to 43 V. E fficiency measurements were made after each 43-V anodization. After the third
such anodization, the efficiency of cell 3 had dropped to 10 percent , while cell 4 had no sensi-
tivity to light.

Assuming that the cell output drops to zero when removal of the n+_ layer is completed , the
complete removal would occur at a total anodization voltage between 149 and 159 V for cells

— 
- 

I to 4 — the final values for cells 3 and 4. respectively. For the purposes of plotting the data ,
it was assumed that complete removal would occur at 154 V. Using the removal rate of 13.3 A/V .
the initial n4 -layer thickness was found to be 2050 A. To obtain the thickness of the n’1 -laye r re-
maining after each successive anodization, the total thickness removed was calculated from the
sum of the voltages used to that point and subtracted from the initial thickness. The thick ness
values given in Figs. 111-7 and 111-8, as well as those of Fig. 111-9. were obtained in this manner.

t 
For all the points in FIg. 111-9, the fill factor was 0.82 and Voc was 0.97 V. As the thick ness of
the n~-iaye r is reduced , the power conversion efficiency rises with increasing slope until the
n•1•

~layer is less than 200 A thick , whe re the efficiency drops precipitously from the maximum
value of 21.2 percent.

Seven larger cells, I x 0.49 cm, were made from three different wafers. Either Au or Sn
was used for the contact finger pattern, which consisted of 20 finge rs 0.5 mm apa rt with a con-
necting bar at one end . The fingers cove red 4 percent of the total area. One cell with Au con-
tacts was partially shorted, and one with Sn contacts was thinned too much. Power efficiency
measurements, using a high-pressure Xe lamp with a water filter as a simulated AMI source,
we re made on the othe r five cells. The incident intensity was adjusted to 100 mW/cm2 using
a NASA-calibrated GaAs solar cell as a reference. Table 111-2 lists the measured values of
Voc~ 

l~~ , fill factor , and efficiency, as well as the initial sheet resistance and the total anod-
ization voltage . Independent measurements at NASA Lewis Research Cente r have confi rmed
these results. The sheet-resistance value gives some indication of the Initial thickness of the
n+_layer; a value of 100 01t1 corresponds to approximately 1200 A. The total anodization
voltage is the sum of the limiting voltages used in a series of anodization-strip steps where the
thinning ratio Is 20 A/v. For each cell, the final anodization was carried out at 43 V to provide
the AR coating. The cells with Sn contacts have slightly lower fill factors, indicating some ex-
tra series resistance associated with the Sn. The efficiency values, which were not corrected
for contact areas , are all In the 17- to 20-percent range.
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In conclusion, epitaxial layers of GaAs have been grown by CVD on single-crystal Ge sub-
strates, and high-efficiency shallow-homoj unction solar cells have been fabricated from these
layers. A new Sn plating and anodization-stripping technique has been used to determine the
effect of n~

’-layer thickness on the performance of solar cells with the fl +/p/p+ structure. The
use of Ge substrates should reduce the cost of single-crystal GaAs solar cells.

C.O. Bozler
J. C. C, Fan
R. W. McClelland

D. LASER-EMISSION STUDY OF THE PRESSURE DEPENDENCE
OF THE ENERGY GAP IN TELLURIUM

As part of a program to develop broadly tuna ble infra red-laser sources , we measured the
pressure dependence of the laser emission of optically pumped Te at liquid-nitrogen temperatures
for hydrostatic pressures up to 8 kbar . The laser emission, which is associated with the direct
H-point energy gap in Te, tunes from 3.7 to 6.0 (Lm over this pressure range. This ve ry large
pressure dependence makes To an attractive candidate material for tunable lasers in the mid-
infrared. To our knowledge this is the first report of optically pumped laser action in Te, though
electron-beam excitation has previously been described.11 Since Te has not been made n-type,
diode lasers have not been fabricated.

In contrast to the extremely linear pressure tuning of a number of zinc-blende semiconductor
lasers previously studied,12 Te exhibits a marked nonlinear pressure dependence. This nonlin-
earity ha s been noted before in analyses of the optical absorption and photoconductivity 13 and
elect rical transport measu rements 14-16 of the energy gap in Te. The present high-resolution
laser-emission measurement, which is a more precise and direct probe of’ the energy gap than
these other techniques, gives a linear pressure coefficient of —20.0 * 0.5 meV/kba r (compared
with values from —13 to —23.4 meV/~ bar repo rted pr~viou sly 1 3 1 9) and yields a significantly
higher nonlinearity.

The nonlinear pressure dependence of the energy gap in Te has been attributed by
Anzin et at ,13 to the nonlinear compressibility of the crystal assuming a constant deformation
potential. This assertion was based on early x-ray measurements of the nonlinear pressure
depe ndence of the lattice constants of Te (see Refs.2O and 21) . However , more recent x-ray
data to highe r pressures22 indicate too small a nonlinearity to account for the energy-gap varia-

-
. tion. This implies that the de formation potential is not constant over the measured pressure

ra nge . The present results will be compared with previous measurements of the linear and
nonlinear pressure dependence of the bandgap.

The apparatus used to measure the pressure dependence of the lase r emission of Te was
essentially the same as that used for pressure-tuning of optically pumped GaSb, InA s, and InSb
semiconductor lasers.12 A Q-switched Nd:YAG lase r was chosen as a convenient universal ex-
citation source for pumping these bulk semiconductor materials well above their bandgaps.

The Te sample was obtained from Kennecot t Copper Corporation. Hall measurements at 
—

77 K showed the hole concentration to be p = 3,4 x io I4 cm 3. Platelets oriented normal to the
crystal c-axis were cut with a string saw and then polished in a Br:CH 3OH etch to a thick ness
of —5 0 ~m. Laser cavities were formed by cleaving edges normal to the crystal y-axis about
200 pm apart. The cleaving was done at liquid-nitrogen temperature , since at room temperature
the soft mate rial tended to bend, crush , and tear. A transverse pumping geometry12 was used

- . 1  
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in which the 1.06 -pin Nd :YAG laser radiation was focused by a 10-cm cylindrical lens onto the
polished c-face of the platelet along a line bridging the parallel cleaved edges. The four-port
high-pressure vessel12 contained a 6-mm-thick by 6 -mm-diam sapphire window to admit the
pump light and a 6- x 6-mm Irtran 5 (sintered polycrystalline MgO ) window to transmit the Te
laser radiation out to 6.0 pin. The MgO windows exhibited slight extrusion and clouding after
several cycles to 8 kbar at 77 K. No permanent damage nor hysteresis effects was noted for
the Te sample , which was in a hydrostatic environment provided by a helium-gas pressure
medium. The helium gas is also transpa rent to the infra red radiation. Pressure was mea-
sured with a temperature-compensated manganin strain gauge , dead-weight calibrated by the
manu facturer (Harw ood E ngineering ) to within 1 percent.

I-
Inz
“ I

Fig. 111-10. Mode structure of laser ~emission of optically pumped Te at I
P ~ kba r and T = 77 K.

I~~~~~~~~~i
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A spectrum of the optically pumped Te lase r emission at a pressure of 2 kba r is shown in
Fig. 111-10. The separation between the peaks corresponds roughly to the longitudinal mode

- 
• 

- 
spacing. 0.5 n~L. expected for a cavity —2 00 ~m long with an effective refractive index no =
(n — X(8n/ 8A) 1 — 5 (R ef .  23) for the E j  c polarized output. The width of each of the peaks is
resolution limited for the 1-cm 1 slit setting on the Spex grating monochromator. Howeve r,
with narrower slits a residual mode width of — 0.6 cm~~ was observed , indicating some chirp-
ing of the laser frequency due to heating du ring the 200-nsec-long pump pulse. For the spec-
trum of Fig. 111-10, the incident peak power from the pump laser was 250 W, which was “3X
threshold, and the pum p photon energy was about 4x the bandgap energy, so considerable ex-
cess energy was deposited in the lattice. The threshold pump power was between 60 and 80 W
over the full 8-kba r pressure range for temperatures from 63 to 77 K.

The tuning of the laser-emission energy vs hydrostatic pressure P in kilobars at 63 and
77 K is shown In Fig. Ill-li.  Here the centroid of the laser mode pattern is plotted; the m di-
vidual modes tune at approximately 0.3x the rate of the envelope, due primarily to the pressure
variation of the refractive Index.12 There seems to be little systematic temperature dependence
of the bandgap in the 63- to 77-K range according to the data in Fig. 111-11. The 63-K data, which

- -. had less scatter, were fit with a quadratic expression :

Eg(P) = Eg (O) + AP + HP 2 (Ill-I)
-

~ 

- 

- 
where Eg (O) = 333.5 * 0,5 meV, A = —20.0 ± 0.5 meV,d~ bar , and B = 0.52 ± 0.02 meV/~ bar2 .
This parabola is supe rimposed on the data in Fig. 111-11 and a straight line is drawn between the
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Fig. Ill-ti .  Pressure tuning of laser emission of optically pumped Te.
Linear curve is E (P) = 3 3 3 . 5 —  15.8 P; quadratic curve is E (P) =
333 .5— 20. 0 P + 0.52 P ; exponential curve (Ref . 13) is Eg(P) = 331. 6 x
exp(—0. 0706 PJ , where Eg(P) is in meV and P is in kbar .
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first and last points in order to indicate the deviation of the tuning from linearity. Also included
is the exponential curve given by Anzin et al.13 as a fit to their photoconductivity data at 77 K;
here, Eg(P) = Eg(O) exp 1— aPJ with Eg (O) = 331.6 * 0,6 meV, and a = 0.0706 * 0.0005 kba r ”t .

— 
The higher energies found by laser emission are more indicative of the bandgap than photocon-
ductivity or absorption-edge data, which are less sharp and are subject to extrapolation errors
due to bandtailing effects. Also, the slightly larger pressure dependence of the bandgap ob-
tained by Anzin et may result from a possible nonhydrostatic environment caused by using
benzene as a pressure fluid at low temperatures and the very anisotropic compressibility of Te
(see Refs . 20 through 22).

The Initial slope of the pressure dependence of the energy gap obtained by conductivity and
Hall-effect measurements has been given as (8E g/8P)p ~ 

= — 17 meV/kbar by Bluxn and Deaton,15

—14.7 meV/k bar by Koma ~~ ~~~i6 and —13 meVfk bar by Becker ~~ These electrical mea-
sureme nts we re all made in the intrinsic carrier regime of Te at room temperature and above ,
and they depend to some extent on the number of extrinsic carriers and on assumptions about
the pressure dependences of the valence- and conduction-band densities of states. The slopes
from these transport studies are consistently lower than for the optical measurements made
here and elsewhere.13’18’19

A. S. Pine
N. Menyuk
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IV. M I C R O E L E C T R O N I C S

A. CHA RGE-COUPLED DEVICES: SAW/CCD ACCUMULATING CORRELATOR
Experiments with the SAW/Cd ) buffer memory 1 have led to the development of an

accumulating correlator which is capable of correlating two long-duration analog signals of up
to 20-MHz bandwidth. This new device is a practical realization of the SAW tapped correlator
described by Menager and Desormlere,2 ConstructIon techniques for SAW/CCD devices appear
in an earlier report.3 A schematic diagram of the accumulating correlator (Fig. IV-1) shows
a LINbO 3 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 RF plezoelectric fields asso-
ciated with the SAWs are sensed by the sampling fingers and used to modulate charge in the
CCD structure.

BIAS BUS O~
— — — — — 

1!~~-I4~~-I
BIAS GATE 4 — — — — LINbO5

SAMPLINGJ~~~~

JII 
~~~~~~~~ll ~~~~ /Dt~ Y

SIGNAL GATE —0-
SAMPLE GATE o—f ~~~J€ JC --J_. — — — — ....J J{~J{~

j , v,~ V
00STORAGE GATE o—C~~~4 J.[ J-. — — — —

TRANSFER GATE o—C J{ :J{~ J— — — — — -_c:J{ J.c~~

_ _  _ _ _  

OUTMfl

INPtr 300-CELL CCOGATES SHIFT REGISTER OUTPUT
GATE

Fig. IV-1. Schematic diagram of a SAW/CCD accumulating c’orrelator.

In the accumulating correlator, two counterpropagating surface waves — a signal and a
• reference — are launched from opposite ends of the LINbO 3 SAW delay line. These two wave-

forms are sensed by the sampling fingers and mixed, or multiplied together, by nonlinearities
in the silicon which are either In the space-charge layer underlying the fingers, In the CCD
transfe r gate , or both. The mixing products from this nonlinear interaction are accumulated
In wells under the sIgnal, sample, storage, t ransfer, and Ø

~ 
gates (shown In Fig. IV-1J by

stopping the CCD clocks with 0~ high during the accumulation Interval. Prior to launching the
- -

~ acoustic waves, the wells under these gates were half-filled with charge.4 Thus, the multipli-
- - cation and accumulation produce a spatial variation of the initially uniform charge distribution

in the CCD, with the charge In each CCD 
~ 1 well now representing a discrete sample of the

correlation of the signal waveform with the reference waveform. When the charge is clocked
- . out of the CCD at a convenient data rate, this spatial variation becomes a time-sampled data

representation of the desired correlation function.
‘2’ 

-
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Fig. IV-2. Oscillograph of accumulating Fig. IV-3. Accumulating correlator output
- correlator operation at an input carrier at an input signal frequency of 97 MHz with

frequency of 89 MHz and an output clock an input S/N of 0 dB. Signal and refer-
- rate of 100 kHz. Input signal and refer- ence are phase-encoded with a bandwidth of

- ence pulse widths are 1.6 ~&sec. 20 MHz. Intensified portion of oscilloscope
trace is shown with an expanded time scale
in Fig. IV-4(a).

!-8- ~~~~

(a)

Fig. IV-4. Correlator output with in-
put signal masked by noise , demon-

- — -— strating a signal-processing gain of
20 dB. (a) Input S/N of 0 dB; (b)input
S/N o f — Z O dB.
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A simple example of this correlation mode is shown In Fig. IV-2 . where both the signal and
the refe rence are 1.6-psec-long rectangular pulses (a single code bit ) at a carrier frequency of
89 MHz. The output waveform is the expected triangular cross-correlation function of the input
waveforms. The effective output carrier frequency (10.5 cycles/ 1. 6 ~sec 6.6 MHz) results
from sampling the 178-MHz product frequency at the second harmonic of the effective 85.7-MHz
sampling frequency of the fingers.5

The utility of this device is its ability to perform, under programmable control , correlation
of wave forms much longer than the 3. S-~ sec SAW propagation delay time of the structure. As
a demonstration , we have tested this accumulating correlator device with constant-amplitude,
biphase-encoded , pseudorandom waveforms with a rate (bandwidth) of 20 MHz , a durat ion of
100 ~&sec , and with one of the input s corrupted by Gaussian noise of the same 20-MHz bandwidth.
The full 300-tap correlation output spanning a 7-~ sec time window at an Input signal-to-noise
ratio (S/N) of 0 dB is shown In Fig. IV-3 , where the correlation peak is in the intensified region
of’ the oscilloscope trace. The peak occurs at that tap for which reference and signal were in
synchronism. Offsetting the sIgnal-to-re ference-code timing produces a predictable time dis-
placement in the correlation peak. The sidelobe s of the correlation function are exhibited in
this photograph as a vertical spread in the output sampled-data points. Some leakage-current
spikes, bad storage sites, and fixed pattern noise 4 can also be seen in this photograph. These
artifacts are caused by defects and inhornogeneities in the silicon and are independent of the
input signal amplitude , and could the refore be subtracted out by a post-processor.

The intensified part of the correlation output of Fig. IV-3 is shown with an expanded time
scale in Fig. IV-4( a) . If the input signal is reduced by 20 dB while keep ing the reference and
noise unchanged . the output shown in Fig. IV-4(b) is obtained. By comparing Fig. IV -4(a ) with
(b), It can be seen that the correlation peak and the sidelobe s drop, as expected. The correla-
tion peak is still in evidence , even though the input signal is now buried in noise. A processing
gain of 30 dB has been observed by gating on and off a signal at a level 30 dFl below the noise.
Und er these conditions, the cor relation peak was observed to move up and down. However,
the sidelobes are now masked by the fixed-pattern noise, which limits the useful processing
gain of the prototype to approximately 20 dB rather than the theoretical gain of 33 dB
10 log (20 MHz X 100 ~isec).

The performance of this SAW/CCD accumulating correlator is given In Table IV-1. In
summary, we have demonstrated a SAW/CCD accumulating correlator. The Important feature
of this device Is that it can correlate wideband analog signals of long duration against controlled
reference waveforms. The signal processing is performed by multiplication and time integra-
tion of discrete samples of the input analog signal with discrete samples of an analog reference,
and the device provides an output of 300 dIscrete samples of the correlation in a 7-~ sec time
window after each accumulation interval. The unique hybrid structure combines a number of
significant advantage s not previously achieved by any one of the competing devices. These
advantages include analog-analog correlation, programmability, wide Input bandwidth , select-
able output data rate, and compactness.

We are In the process of performing experiments to help us more fully understand the phys-
Ical mechanisms underlying the correlation and accumulation so that we can optimize the design
and build an accumulating correlator device with Improved performance.

D. L. Smythe
R. W. Ralston
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TABLE IV— 1
SAW/CCD ACCUMULATING CORRELATOR PERFORMANCE SUMMARY

Input Center Fr.qu.ncy 97 MHz

MpuP Bandwidth 20 MHz

Maximum Accumulation Tim. 100 jaec

Tim. WIndow 7 ~mec

Output CIock~icte 100 kHz

Maximum Input Power 27 dBm
(1—di co.npreuion )

Maximum Output L.v.I 35 mV rms
Dynamic Rang. 20 dB
Time—Bandwidth Product 2000

B. COMPARISON OF COPLA NA R WAVEGUI DE AND MICROSTRIP
FOR GaAs MONOLITHIC INTEGRATED CIRCUITS

Coplanar waveguides (CPW ) are often suggested as an alternative to microstrip lines in
GaA s monolithic microwave integrated circuits , especially when the active elements include
planar diodes and GaAs FETs. Here , we compare losses in coplanar waveguides with those in
microstrip lines to provide a basis for the choice of the gu ide. We have calculated conductor
and dielectric losses in each case, and have also obtained the radiation losses for respective
half-wavelength resonators. The results are pre sented in terms of the quality factor Q of these
resonators. When the ground-pLane spacing (see Fig. I V- 5)  of  the coplanar wa veguide is identical

~0

GROUND PLANE ST R I P  GROURO PLANE

SUBSTRATE I I
E0~~ ~— — — 2 ~’-—-- -I ___________

Fig. LV-5. Geometry of coplanar waveguide.

to the substrate height of the optimum microstrip line , the CPW Q’s are lower. But when the
ground-plane spacing is allowed to increase, the Q factors approach tha t of the microstrip line.
Increasing the ground-plane spacing in coplanar waveguides is possible since the radiation losses
are much less due to the antiphase excitation of the adjacent radiating slots. Thus , in the cases
considered , the choice of guide may be resolved by considerations other than loss.

1. Ca lculation of Q
The conductor and dielectric loss constants and °d’ respectively, are estimated as

described below, and from these the circuit quality factor Q0 is obtained. Note that the stored
energy U in a ) .  /2 resonator, with the voltage distribution of V sin 13 z , is given by

- 
~~~~—~~~ -

U -  ( IV-1)
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and the power loss W1 by

1 V2
W1 = ~ ‘ 

~~ 
X g(G~ + O c ) ( !V-2)

where ~tg is the guide wavelength, 13g is the propagation constant of the guide , z is the distance
along the resonator, Z0 is the characteristic impedance, and f is the frequency. Thus , the
circuit Q is given by

. Zir fU _ ir 
30 - - X 

~°c + Gd
) IV-

The radiation Q is estimated by calculating the total power radiated W r~ and the n evaluating
the ratio

~ r = ~~~~~~~~~ 
- (IV - 4 )

The total Q is given by

1 _ i 1

2. Calculation of Losses

a. Coplanar Waveguide

The coplanar-waveguj de impedance, velocity, and effective dielectric constant for different
a/b (s trip width to ground-plane spacing) ratios are calculated assuming quasi-static TEM prop-
agation. The Green ’s-function approach is used , and for computational convenience a secondary
ground plane is assumed to exist some large distance from the guide. Calculations of the even-
and odd-mode charge distributions and subsequent subtraction ~ f these ensure that the presence
of this ground plane does not have any effect .  Results obtained by computer calculations agree
with those of Wen.6 The impedances , however , are higher by ~ fe w percent due to the finite
thickness of the substrate,7

The conductor loss factor in neper/m i~ esti mated usi ng the equation :

R , i~+a= U J 2 dx 2 i 2 dx~ ( I V - 5 )c 2 Z 1 2 -a ~b ~~0

and the dielectric loss factor by

q(~ tan ôGd - (IV u)eff g

where

J 5 Is the strip longitudinal current distribution ,

Jg~, is the ground-plane current distribution of the CPW ,

I Is the total strip or ground-plane current ,
is the substrate relative dielectric constant ,

:~ 
~~~~~ 

Eefr is the effective dielectric constant, and
‘!. 

- 
tan 6 Is the substrate loss factor.p_i. ~~~~~
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The current distributions, impedance, and the effective dielectric constant estimated from the
computer calculations are used to obtain a t,, °d and , subsequently, Q0 for different a/b ratios.

Radiation from a half-wavelength resonator is calculated by assuming that the electric fields
in the gap between strip and ground plane (see Fig. IV-S) give rise to magnetic currents which
radiate. The standard formula 8 for radiation from a resonant slot is used , with corrections for
the resonant length , which is reduced due to the substrate; the presence of the pair of slots ex-
cited in antiphase is also taken into account . The power radiated into the air and dielectric
regions are estimated separately and summed, and the radiation Q is estimated from Eq. (IV-4) .
Results have been obtained for both open- and short-circuit resonators.

b. Mic rostrip

The microstrip loss calculations follow well-documented methods9’ 4° for conductor and
dielectric loss factors. The radiation loss is estimated following the approach of Easter and
Roberts.1t The Q factors follow similar trends to those observed by others.12

3. Results

Since the purpose here is to try to resolve the choice of gu iding structure for GaAs mono-
lithic circuit s, all result s have been obtained for 

~r 
13 and tan ô = ~~~~~~~~~ No surface roughness

factor has been included. Calculations have been performed at 8 GHz , assuming gold metalliza-
tion ~ 4.1 X ~o7 mhos/m , thickness 3 1a m.

Figure IV-6 summarizes the results for half-wavelength open-circuit coplanar waveguide
resonators with ground-plane spacings of 0.5, 1.0, and 2.0 mm for different impedances. ( Note
that the impedance variation with a/b is available in the literature .6’7 ) The highest 

~~ 
is obtained

for a ground-plane spacing of 1.0 mm, and reaches a value of 160. Figure IV-7 compares the

10* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I0 

— 

- —CPw
~O5 MIC R OST R I P

025

- -  

ID io’

2 0  - 
I,.

2 

0

‘° or’\~~~~ 

~~~~~~~~~ 

1 0 .  -

II~-e- I523e - i l 
~II-S- I5~4,-I~ 

1I I I
ID ID’ 

10 I D’ )0~
IMPEDANCE IMPEDANCE

2 
- 

Fig. IV-6. Quality (actor vs Impedance Fig. IV-? . Comparison of factors of micro-
for CPW X g/2 open-cIrcuit reeonators strip and CPW x /2 open-circuit resonators
for Zb = 0.5 , 1.0, and 2.0 mm. 

~r 13, for h r 0.25 , 0.5 , a~nd 1.0mm and 2b = 0.5 , 1.0,
- - 

- tan O = i0~~, t =  8 GHz. end 2.0 mm, reipectively. 
- -

4-

-‘ I 
- -  

.~~4Ik j  ~~~~~~~~~~~~~~~~~~~~ 
‘
~ ~~~~ I~~ I&~ i~



F - - —-- _ - — -- —----- - ------ --‘----
~~~~~~~

- -._- _ -
~~~~~~~~

- - ---
~~~~

- - - - - - - - - -—----- -

microstrip Q of X g/2 resonators for h = 0.25, 0.5, and 1.0 mm with those of the CPW resona-
tors. The Q of the 0.5-mm substrate microstrip resonators are similar to those of the CPW
resonators with ground-plane spacing of 1.0 mm, but the CPW resonators with 0.5-mm ground -
plane spacing show much lower Q.

Thus it appears that choice between the guides is not clear on the basis of loss. Other
considerations may determine the choice, and some of these are as follows. The CPW , as a
planar structure , allows shunt and series elements to be incorporated with ease , though some
care needs to be exercised with shunt elements to retain symmetry in order to prevent the ex-
citation of spurious slot modes. Microstrip shunt elements require the drilling of holes in the
substrate and subsequent processing or , alternatively, the use of wraparound ground planes.
The packaging of the CPW circuit s in principle requires that the enclosures provide space both
above the metallization and also below the substrate , and omission of the latter for reasons of
convenience and cost may result in the excitation of spurious circuit responses. Microstrip
enclosures require air space only above the substrate. To retain comparable loss performance .
the CPW ground-plane spacing has to be over twice the equivalent microstrip substrate height ,
and circuits , in general , may require larger substrate areas when compared with equivalent
circuits in microstrip. Realization of complex circuits in CPW may result in isolated ground -
plane regions, with associated problems. Thus , the choice of guiding structure is determined
by the designer. 

A. Gopinath
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V. S U R F A C E - W A V E  T E C H N O L O G Y

A. HYBRID SAW CHIRP-FOURIER-TRANSFORM SYSTEM

The availability of large RAC (reflectiv e array compressor) dispersive delay lines with large
time-bandwidth products and with relatively precise phase and amplitude responset 3  has stim-
ulated a great deal of interest in the use of these devices in chirp-transform systems to perform
high-speed analog Fourier transforms.’~~

1 ~ For situations in which the input signal is analog
and its bandwidth and duration fall within the bounds achievable with SAW dispersive delay lines,
SAW chirp- transfor m syst ems usually represent the most efficient techn iqu e (in terms of size,
cost , power , and speed) available for performing spectral analysis.t1’t4  When compared with
digital FFT comput ers, SAW chirp-Fourier-transform systems appear especially attractive
when measured in terms of equivalen t rates of mathematical operations per unit of cost, size,
or power.1 1.14 ,1 5 The goal of the work described here is the development of a hybrid Fourier -
transform-computing module which accepts digital input data , efficiently converts it to analog,
and exploits the capabilities of an analog chirp-transform system to compute the transform at
high speed with minimum power .

In order to implement this digital-in/dig ital-out signal processing, a hybrid chirp-Fourier-
transform system which contains a series of conversion stages was configured. The system
accepts input words consisting of 8-bit real and 8-bit imaginary parts. These words are con-
vert ed to an analog signal and processed in real time through one of two duplicate transform
circuits which operate in a ping-pong fashion. The analog output of the circuits is converted to
complex digi tal words. As a digital computing element , the system computes the transforms of
contiguous 256-word data block s at a throughput rate of 10 Mwords/sec.

Present RAC technology is capable of providing devices with phase error of approximately
1, rms and amplitude errors of the order of ~0.3 dB. With these character ist ics, Fourier trans-
forms accurate to about 1 percent are possible. A major task in this program is to demonstrate
an analog system with this level of accuracy. The equivalent digital precision is 8 bits (includ-
ing a bit for sign).

A block diagram of the hybrid transform processor is shown in Fig. V-I .  in order to test
- ,  the system by means of a standard low-speed computer , high-speed input and output buffer mem-

ories are employed. Data blocks consisting of 256 complex words are read out of the input buf-

-: fer at a rate of 10 Mwords/sec and converted to in-phase (real) and quadrature (imagina ry)
baseband signals. These signals are modulated onto a 165-MHz carrier , processed by the
chirp-transform system, trans~ated back to a 165-MHz carrier , demodulated to baseband , and
A/D converted to yield the real and imaginary parts of the Fourier transform.

I rs e I)  (r,aI) 
BASEB ANO [ CARRIER ~~~~~

DIGITAL 
______ 

0/A 
______ 

TO TO 
______ 

A / D  ______ DIGITAL

_________ Q ______ 

CARRIER BASEBA ND 
______ Q _________

(Imog ) (Imcq I (Iinaq ) (111.0g.)

H CHIRP

- - 
TRA NSrORMJ

Fig. V-I .  Block diagram of hybrid chirp-Fourier-transform system.
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A schematic diagram of the analog portion of the system is shown in Fig. V-Z . It consists
of duplicate chirp-Fourier-transform circuits in the conventional multiply-convolve-multiply
configuration, The mathematical description of the operation of this circuit has been exten-
sively desc ribed,~

6’ 7 Contiguous 25. 6-~&sec complex data blocks from a continuous data stream
are processed by the two matched transform circuits which are connected in a side-by-sid e
arrangement. Each operates sequentially over a 50-percent duty cycle in a ping-pong fashion.

The flexibility afforded by computer generation of test waveforms allowed a large amount
of data on many aspects of overall system performance to be accumulated over a short time.
Selected examples are presented. Much of the data is in the form of photographs of oscilloscope
traces showing the baseband Input waveforms generated by the D/A converters , and the output
Fourier-transform waveforms present at the input to the A/D converters (see Fig. V-I).  The
in-phase and quadrature waveforms correspond to the real and Imagina ry components, respec-
tively. Wh en a single input waveform is shown, It represents the output of the D/A converter
connected to the in-phase channel. Such an input correspond s to a purely real function.

The relatively simple D/A conversion process currently employed causes a modification
of the computed Fourier transform. In this mode, each digital word generates a constant volt-
age in a sample-and-hold circuit for the duration of each clock cycle. This causes a (sin x)/x
roU-off in the computed transform. This is evident in the transform of the t00-nsec -wide pulse
generated by a single nonzero real digital word at the center of the data block , as shown In
Fig. V- 3. Only the in-phase (real) component of the output is nonzero. The detailed spectral
shape is approximately (sin x)/x , and the 3. 5-dB roll-off of the band edges agrees to within
0.1 dB with the spectral response measured with a standard spectrum analyzer. This roll-off
is not fundamental and can be eliminated by improved D/A conversion techniques.

Figure V-4 demonstrates the system’s 100-percent duty cycle. The upper trace shows a
2-Msec pulse within each data block. The pulse occurs In the I (real) channel, The real and

256 $,.,

I-ILI5il~~I 
‘I.

- 427  0 4 2 7

OUTPUT{

• 

OUTPUT{~ 

I I I

~
- ?5S~.iW .

~~
.‘ 255 

~
il.c —.. I ..-..—~~ —.. ~11—~ .—, — I

Fig. V- 3. Transform of digita l Impulse. Fig. V-4. Operation at 100-percent duty
In-phase and quadrature output compo- cycle. Contiguous data blocks each con -
nents shown in top two traces. Input tam ing a single video pulse are shown in
waveform is shown in bottom trace, top trace. In-phase and quadrature corn-

ponents of Fourier transform are shown
— - in bottom two traces.
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Fig. V-5. (a) Symmetric square wave and Its real and even Fourier transform;
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imaginary components of the complex Fourier transform are represented by in-phase and quad-
rature baseband signals shown In the lower two traces. The transform is provided In real time
delayed by 51.2 i~sec. The outputs from the two halves of the analog cIrcuit are essentially
indistinguishable. This indicates that a precise match In both phase and amplitude has been
achieved between the two ping-pong circuits.

The issues of timing and phasing, balance between I and Q channels , and the overall accu-
racy of the analog system were explored , In part , by the test waveforms shown In Figs. V-5(a-b)

— and V-6(a-b) .
Transforms of square waves which are symmetric and antisymmetric with respect to the

center of data block are shown in Figs. V- 5(a) and (b), respectively. In each case, the input was
to the in-phase channel , and thus corresponded to a real input funct ion. Output waveforms show
that the odd harmonics present in the spectrum of a square wave fall off at the predicted rate of
1/n. The measured values, with accuracy limited by the linearity of the display, agreed to
within 3 percent of the theoretical values. The effect of processin c~ a finite segment of a periodic
function is to convolve the spectrum with a (sin x)/x response. The detailed sidelobe patterns
shown in Fig. V-S(a-b) are predicted by the computed transform,

The ability to go from a clean zero output in the Q channel when the input waveform is sym-
metric (F ig .V- 5(a) f  to a clean zero in the I channel when the input is antisymmetric [Fig. V- 5(b)J
demonstrates that the two output signals are in quadrature. A deviation from quadrature by as
little as 1. becomes noticeable.

The test waveforms shown in Fig. V-6(a-b) yielded nonzero signals in the I and Q channels
at both the input and output. This provided a test of amplitude balance in the I and Q channels.
For this test , we exploited the ability of the digital system to generate a variety of baseband

- 
— - waveforms in functional form not otherwise easily obtainable. Figure V-6(a-b) shows the re-

sults obtained with an input chirp waveform, f( t) = exp[— j~it
2/ZJ . The real .nd imagina ry corn- 

—- I 
- 

ponents of the input function and the D/A-converted waveforms are shown in the upper traces
of Figs. V-6(a) and (b), respectively. The measured in-phase and quadrature components shown
in the lower traces of Fig. V-6(b) compare in detail with the calculated transform shown in
Fig. V-6(a) . For example, the small ripple in the frequency response near DC is likewise pres-
ent in the measured transform.

One test of the A/D conversion process is illustrated by the results shown in Fig. V-7(a-b) .
Here the input waveform is a cosine function h(t) in the real input channel. The cosine is sym-
metric within the 25 . 6-~isec data block, Alternate data blocks are left empty to conveniently de-
fine the zero level. The I and Q components of the resulting transform H(f), shown in the lower
two traces (Fig. V -7(a )J ,  are A/D converted and read into computer memory for storage. Sub-
sequently, this file was recalled and redefined as the new input file H(t) . The sampled waveform
is shown in the top trace of Fig. V-7(b). Its real transform, h ’(— f), is shown in the lower two
traces (Fig. V-7(b)~. The symmetry theorem states that if h(t) and H(f) are a Fourier-transform
pair , then H(t) and h(— f) are also a pair. Thus , if the transform of a real even function, such
as used here , is recycled through the system, the output in the frequency domain should be the - -

same as the original input time function. Figure V-7(a-b) illustrates this result. The final
transform yields a waveform nearly Identical to the input except for a roll-off toward the ends

- - - 
of the transform. The roll-off Is the predicted result caused by the frequency roll-off of the

• D/A converted samples, as Illustrated in Fig. V- 3. The details of the final output , as shown in
Fig. V-7(b) , are sensitive to the initial transform being centered In the 25.6-1&sec output data

-
~~ -
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Fig. V-7 . Fourier transform symmetry
property illustrated (a) input h(t) and its
Fourier transform H(f) , and (b) input H(t)
and its Fourier transform h ’(—f ) .
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block. Therefore, the cascaded transforms are also a critical check on system timing and
phasing.

The dynamic range of the analog portion of the system was tested , in part , with a CW sig-
nal which fully filled each data block. Dynamic range was defined as the ratio of the level of
the maximum Input for linear operation to the level of input which yielded unity signal-to-noise
at the output. When measured before the post-multiply mixers, the dynamic range is well in
excess of 70 dB, However, the several mixers in the output circuit limited the dynamic range
to approxImately 70 dB. This Is equivalent to I 3 bits in the output of a dIgital FFT. To obtain
this, many more than 1 3 bits would have to be carried during Intermediate digital calculations.
The large analog dynamic range Is a direct result of the use of RAC devices with low insertion
loss, 

V. S. Dolat L. A. Veilleux
G. R. McCully R. C. Williamson

B. INTEGRATIN G CORRELA TOR: 4-WAVE INTERACTIONS

The integrating correlator is a relatively new acoustoelectric device, with a structure con-
slating of a LiNbO3 surface-acoustic -wave (SAW) delay line on which counterpropagating refer-
ence and signal waves are launched and a Si strip whose surface is spaced ( “350 nm) from the I 

- 
,
~~surface of the LiNbO 3. The silicon nonllnearities provide local mixing of the evanescent
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RF fields which accompany the SAWs. The SI surface adjacent to the LiNbO 3 is covered with a
high-density (3. 8-1&m periodicity) array of PtSi Schottky diodes. The DC component of the local
product signal is temporally integrated as a stored charge on each diode , and since each diode
represents a different delay between reference and signal , the charge on each diode represents
a discrete point in the correlation function ol’ reference and signal. A second parametric inter-
action between a scanning SAW pulse and the spatial charge pattern stored on the diode array
provides a readout of the correlation function.

This device, then, provides a potential of performing the desired differential delay, mixing,
and integration all in one small package with an equivalent of over 500 taps spanning a 20- p2cc
time window. Furthermore, the reference function is electrically programmable and the inte-
gration time is not limited by the substrate size. Utilizing the slow charging of the diode array
by the reference-signal parametric Interaction allows correlation of phase-modulated waveforms
which are about I O~ times longer than the 20-~isec acoustoelectric interaction region, henc e
producing large processing gains for wideband analog signals.

The earliest implementation of the integrating correlator utilized a 3-wave parametric in-
teraction in which the signal and reference waves were centered about the same RF carrier.
As a result, there also existed a degeneracy between the frequency of the scanning waveform
and the correlator output , a degeneracy intrinsic to this 3-wave interaction. This degeneracy
compounds the problem of providing a device output uncorrupted with spurious signals generated
by the scan pulse.18 In order to specifically avoid such scan-related spurious signals, we have
developed a new approach which utilizes a 4-wave parametric interaction and which thereby
lifts the degeneracy between scan and output frequencies. Even more importantly, perhaps , the
4-wave parametric interaction provides an analog method of performing triple-product correla-
tion19 and , as such , will likely allow implementation of new signal-processing capabilities.

Figure V-8(a-b) is a schematic representation of the 4-wave interaction tested , showing
both the device configuration and temporal frequency — spatial frequency (se-k) plane. The con-
cepts pertaining to such a representation of these and other collinear parametric Interactions

II~-~~- lS4II 1
CHARGING READING

PUMP PUMP OUTPUT
SIGNAL REFERENCE

/  /1
REAO

~~~~~~~~~~~~
7E 

__

( 0 )  ib)

‘ - -
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Fig. V-8. Schematic of 4-wave operation depicting pumping of silicon
and acoustic inputs and output with representation of appropriate pars-

ii- - metric interactions In the c~s -k plane for (a) charging and (b) subsequent
reading of the correlation.
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are more fully described elsewhere.19 As indicated in Fig. V-8(a), a forward propagating signal
(w~.k5 ) mixes with a reverse propagating reference (wr~~kr ) in the presence of a high-power pump
(—ia,  — ) ) r 0) via the cubic nonlinearity of the Si to produce a stored charge pattern (o.k8 — kr )

~
In Fig. V-8(b) this correlation charge is read out with a reverse propagating pulse (_ w

r~kr ) in
the presence of the same pump (~~ + Wr~

O)
~ and the output (~ 5,k5) Is obtained as a forward tray -

cling wave at a separate transducer. Both interactions utilize a sum pump, which has the ad-
vantage during charging of downconvertlng the k pattern such that it can be easily accommodated
by the perlodicity of the diode array, as well as the advantage during reading of producing an
output at frequencies well below those of the read excitation. For clarity, only the carrier-
f requency vectors are indicated, although in fact the interactions are wideband , and thus all
vectors have a range in magnitude with the exception of the narrow-bandwidth pump. It should
be noted that the sum-pump interaction used here may be limited to processing signal waveforms
with real baseband representations, as the multiplication is occurring with spectral inversion
implied. The more general wideband interaction would utilize a difference pump.t9

The wideband nature of the depicted interaction has been demonstrated using pseudonoise
(PN) biphase modulation of the RF signal and reference carriers at a 2-MHz chipping rate. As
described elsewhere,t8 it is desirable to limit readout filling-factor ~‘8s by spatially spreading
the correlation peak during the charging process and subsequently recompressing the peak dur-
ing the reading process. This Is accomplished by convolving the reference waveform with a
linear dispersive transversal filter with a bandwidth of 2 MHz and duration time of 6 ~&sec. The
impulse response of that same filter is used to produce the linearly chirped read waveform.
This process results in a quite manageable —10. 5-dB filling-factor loss for the 20-~isec inter-
action length, while providing a I 4-~ sec time window within which to measure the code timing.

RF output waveforms observed after nearly i0-msec integration of 2-MHz PN codes for the
— 4-wave interaction are shown in the osciilographs of Fig. V-9(a-b) . A relative timing displace-

ment of 2 ~sec between signal and reference codes produces the expected displacement of the
resultant correlation peak. The spurious levels accompanying the 4-wave interaction are shown
in Fig. V -tO(a -b) .  Under conditions where the 3-wave process ( not shown) provides 0-dB dy-
namic range due to scan-related spurious signals , the use of the 4-wave process provides a
17-dB dynamic range. For both parametric processes the signal , reference, and read powers
were maintained constant at 22 , 18, and 16 dBm , respectively. The 3-wave process had a de-

- 
- generate carrier frequency of 61 MHz , while the 4-wave process had 61-MHz signal and output

carriers , 122-MHz reference and read carriers , and a 183-MHz pump. (It is , of course , not
necessary to maintain a harmonic relationship between the three frequencies.)

These preliminary experiments employed PtSi Schottky diodes fabricated on uniformly doped
30-Q-cm n-type silicon , and such barriers act as abrupt varactors with a predominant quadratic
dependence of capacitance on voltage. Hence , the 3-wave parametric interaction is substan-
tially more efficient than the 4-wave process in the current device. A pump power of 38 dBm
(the maximum available ) was required to produce the 4-wave result of Fig. V-9(a) with a peak
output power of —74 dBm , some 22 dB below the — 52-dBm output for the 3-wave process. The
presence of the high-power pump, in addition to producing the 4-wave Interaction , acts alone
on the diodes so as to rapidly charge the array into a uniform (zero-k) reverse bias, which would

-:: widen the silicon depletion layer to such an extent that effective interaction with the evanescent
RF fields accompanying the acoustic waves launched by the signal , reference, and read inputs
would cease. The undesirable buildup of this large uniform charge Is very effectively balanced
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by the use of low-level illumination provided by light-emitting diodes (LED5). These LEDs al-
ready exist in the device structure as a means for rapidly erasing, at a much higher illumina-
tion level, the stored correlation prior to initiating a new integration sequence.18

The relative merits and design trade-offs of the two parametric interactions can be sum-
marized as follows. The 3-wave interaction Is efficient , but plagued by spurious bulk waves
which accompany the read waveform. The 4-wave interaction is inefficient , but is relatively
free of all read-produced spurious signals. A study to optimize the cubic nonlinearity by tailor-
ing the doping profile of the silicon substrate is beginning, and other device modifications will
be made as well to increase the dynamic range. Although this first acoustoelectric implementa-
tion of the triple-product correlation/ convolution was initially motivated by the desire to reduce
spurious signals in a double-product process, it is evident that a triple-product acoustoelectric
interaction offers a class of signal-processing functions previously achieved only in cumbersome
digital or optical hardware. The ability to perform triple-product correlation/convolution in a
compact acoustoelectric device promises to lead to Interesting new system capabilities in the
future, 

R. W. Ralston
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